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 Extended abstract 
Contamination of karst aquifer, particularly by organic compounds, such as the Dense Non-
aqueous Phase Liquids (DNAPLs) constitutes a threat for water supply and the environment. Due to 
the presence of large openings in karst systems and the high density of DNAPLs they may frequently 
reach conduits and accumulate at low points such as siphon structures that likely also contain 
sediments. Hence sediment-entrapped DNAPLs are commonly encountered and present as a 
continuous phase of organic liquid denoted as DNAPL pool. DNAPLs present in conduits are 
particularly problematic for the water quality as most of the flow in karst systems transits through 
conduits before reaching springs.  The longevity of DNAPL pools will depend on the flow of water 
through the sediment which is referring to as karst hyporheic flow. In contrast to surface water, 
hyporheic exchange has received little attention so far, although it has potentially a strong influence on 
the fate of contaminants in karst systems. The thesis addressed this lack of knowledge. The objective 
of the thesis was first to verify whether karst hyporheic flow could occur between the conduit and 
sediments, and second, to investigate how the hyporheic flow mediates the dissolution of sediment-
entrapped DNAPL pools. A laboratory analog resembling a siphon conduit partly filled with sediments 
was built to investigate hyporheic flow and DNAPL pool dissolution. Experiments with the laboratory 
analog and numerical modeling are the main research approaches throughout this study.  
First, the driving force and characteristics of hyporheic exchange between the conduit and 
sediment system was investigated using the laboratory analog model. Influences of conduit flow 
(expressed as Reynolds number Re), conduit angle and sediment properties (grain size/permeability) 
on the flow pattern and magnitude of hyporheic exchange were explored. Sediment-source tracer tests 
were carried out at varied flow rates for sediments of variable grain size to characterize hyporheic flow 
patterns and to evaluate solute transport processes (by the mean travel time MTT and dispersion of 
tracer plume σ2). Numerical modeling with a two-domain approach assuming pressure continuity 
across the conduit-sediment interface was employed to simulate the sediment-source tracer tests and 
flow fields. Results of the sediment-source tracer tests showed that MTT and σ2 decreased with 
increasing conduit Re and increasing sediment permeability, and were smaller for the steeper conduit 
angle. Flow pattern in the sediment was characterized by zones of forward and reverse flow induced 
by the conduit bends. Simulation of the pressure fields showed that flow in sediment was driven by the 
pressure gradients along the sediment and water interface (SWI), imposed by the overlying conduit 
flow. While in streambeds, pressure gradients are usually induced by the sediment surface topography, 
in the current investigated system enhanced pressure gradients occurred on top of a flat sediment 
surface due to the conduit bends. The observed and simulated flow patterns in different sediments 
were identical under the same conduit Re for the same conduit angle. However, the magnitude of flow 
in the sediment varied with sediment permeability for the same conduit Re and geometry. The 
calculated exchange flux qint by numerical simulations increased linearly with the conduit Re for all 
                                                                                                                                                           
 
types of sediment and conduit angle, and was higher for a steeper conduit angle. The relationships 
established among qint and the various controlling factors also suggested that sediment properties had 
the strongest influence on the exchange flux.  
Based on these insights into the karst hyporheic flow, the dissolution of a sediment-entrapped 
DNAPL pool facilitated by hyporheic flow was further investigated by the same analog model and 
numerical simulations. Influences of conduit flow and conduit angle on the dissolution rate were 
evaluated. Dissolution experiments with a well-defined DNAPL pool consisting of a surrogate 
compound were carried out to quantify the mass transfer rate. Soluble tracer test with a solidified pool 
was performed to visually trace the solute plume dissolved from DNAPL pool surface, and was 
compared to the DNAPL pool dissolution reproduced by numerical modeling. The mass transfer 
coefficient km, calculated with the effluent concentration at steady state from dissolution experiments 
was used to quantify the mass transfer rate. The experimental km were compared with the values 
calculated by numerical simulations. The dissolution rate for the conduits-sediment system was also 
compared to the well investigated pool dissolution in a semi-infinite porous media as a reference case. 
The observed km increased with the conduit Re and was higher for the steeper conduit angle, which 
were in agreement with the results from numerical simulations. Both the observed and simulated km 
increased linearly with the average groundwater flow velocity   in the sediment. However, km were 
higher compared to the values predicted by a 2D analytical model which is conventionally applied for 
the semi-infinite porous media. The higher km was likely due to the hyporheic flow pattern 
characterized by upward curved streamlines in karst conduit sediment. The curved streamlines carry 
dissolved compounds away from the DNAPL/water interface, while in a semi-infinite porous media 
upward transport only occurs by transverse dispersion.  
In conclusion, the study confirmed the occurrence of hyporheic flow between karst conduit and 
sediment through a laboratory analog investigation. Pressure gradient along the sediment and water 
interface drove the exchange of flow and solute between the conduit and sediment domains. Conduit 
flow condition, sediment properties and conduit geometry/angle played a combined role in the 
hyporheic exchange between conduit and sediment. The pattern of hyporheic flow was controlled by 
the conduit flow rate and conduit angle. The magnitude of flow in sediment was determined by 
sediment permeability. The exchange flux increased with the conduit flow rate and sediment 
permeability and was higher in steeper angle conduit. Sediment grain size/permeability had the 
strongest influence on the magnitude of exchange flux in contrast to conduit flow and conduit angle. 
The mass transfer rate of hyporheic flow-mediated DNAPL pool dissolution was found to increase 
linearly with the average groundwater flow velocity in sediment. The study highlights that a higher 
mass transfer rate/shorter longevity is to be expected in the shallow karst conduit sediment than in a 
semi-infinite porous medium due to the influence of the hyporheic flow pattern. The study of potential 
karst hyporheic flow and relevant processes has implications on the sequestration, transportation and 
transformation of contaminants in karst aquifer. The exchange of flow and solutes between conduit 
and sediment potentially plays a significant role in the biogeochemical and karstification processes as 
well. While the study clearly highlighted the mechanism of hyporheic exchange and its potential role 
on contaminant fate, further studies are required that approach field conditions in more detail. In 
particular, the upper limit of the flow rate should be extended to the turbulent range, effect of sediment 
movement of contaminant fate should be considered and the effect of more complex conduits 
geometries and sediment assemblies should be explored.  
 
Keywords:  
karst hyporheic flow, conduit and sediment, DNAPL pool dissolution, exchange flux, mass transfer 
coefficient 
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Notation 
a    radius of conduit, L  
Ana  surface contact area, L
2 
ana  specific interfacial area between non-aqueous and aqueous phases per unit volume, L
2/L3 
b      thickness of sediment layer, L  
C     aqueous phase solute concentration, M/L3 
Cs    solute solubility concentration, M/L
3 
C∞    aqueous phase solute concentration far away from source zone, M/L
3 
Cout   average effluent concentration, M/L
3 
      mean grain size of a porous media, L  
Da   dimensionless Darcy number, expressed as k/h
2
, k is the permeability of underlying porous    
media, h is the height of flow column 
DL, DTH, DTV   longitudinal, transverse horizontal and, transverse vertical directions, respectively, L 
Dm    molecular diffusion coefficient, L
2/T 
De     effective molecular diffusion coefficient, L
2/T 
g      gravitational acceleration, L/T2 
H     conduit diameter, L 
J      solute mass flux to aqueous phase, M/L2/T 
K°  
   
mass transfer rate coefficient, 1/T     
km    time invariant overall mass transfer coefficient, L/T 
k      permeability of porous media, L2 
K    hydraulic conductivity, L/T 
Lo    length scale of the solute plume, L 
Lp   pool length, L 
 l    characteristic length ,  denotes to the stagnant layer thickness δ, or mean grain size of a porous 
media   , or conduit diameter H, respectively, L   
p    pressure , Pa 
Pe  dimensionless Peclet number,  Pe = Ul/Dm 
q    Darcy velocity (filter/seepage velocity, discharge per unit area), L/T  
Re  dimensionless Reynolds number, expressed as  l// ν 
Sh  Sherwood number,  Sh = Kl/Dm 
t     time, T 
  
U    fluid velocity vector or interstitial flow velocity, L/T 
    average groundwater flow velocity, L/T 
    average flow velocity in conduit, L/T 
UB   slip velocity at the interface, L/T 
x, y, z  spatial coordinates in the longitudinal, transverse horizontal, and transverse vertical 
directions, respectively, L  
 
Greek letters 
αL, αTH , αTV  longitudinal, transverse horizontal, and transverse vertical dispersivities, respectively, 
L 
δs    thickness of stagnant layer, L 
δ    boundary layer thickness at the water and porous medium interface under slip flow condition, L 
μ   dynamic viscosity of the fluid, M/L/T  
 ̃   effective viscosity, M/L/T 
ν    kinetic viscosity, L2/T, ν=µ/ρ 
ρ    fluid density, M/L3 
ε    porosity of the porous media, dimensionless 
αB-J    empirical slip coefficient of the Beavers and Joseph boundary condition 
β    geometric scaling factor, dimensionless 
γ    equals to     √ ⁄ , 1/L 
σ2    variance (of tracer plume) 
θ    conduit angle degree  
 
Abbreviation 
DNAPLs  Dense Non-aqueous Phase Liquids 
BTC    Breakthrough Curves 
MTT    Mean travel time 
SWI    Sediment and water interface 
WDI   Water and DNAPL interface 
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Chapter 1 
DNAPLs in karst hydrogeological settings 
 1.1 GROUNDWATER CONTAMINATION BY DNAPL 
Chlorinated solvents were first produced in the nineteenth century and since then have been widely 
used in many industries, such as electronics, instrument manufacturing, dry cleaning, photographic 
processing and printing (Pankow and Cherry, 1996). These organic liquids are referred to as “Dense 
Non-aqueous Phase Liquids” (DNAPLs) since they are immiscible with water and denser than water. 
Among the most widely used DNAPLs are carbon tetrachloride (CCl4), 1,1,1-Trichloroethane (TCA), 
Trichloroethylene (TCE) and Tetrachloroethylene (PCE) (Westrick et al., 1984). Other DNAPLs 
include halogenated benzenes, polychlorinated biphenyls (PCBs), some pesticide, coal tar and creosote. 
Halogenated hydrocarbons are almost without exception significantly denser than water by more than 
10% (Mackay et al., 1985). The chlorinated DNAPLs are of concerns as they are frequently found in 
groundwater and threaten human health due to their toxicity. Many of them are classified as 
carcinogenic substance.  
DNAPLs have been disposed in many waste sites. Their high density and low viscosity make them 
very mobile. Once introduced to the subsurface by spills, leaks, or intentional disposal they can 
penetrate deep into the underground through gravitational motion. DANPLs will be trapped in the pore 
space at residual saturation (Held and Illangasekare, 1995a; Held and Illangasekare, 1995b), or 
accumulate on top of low permeability layers as pools (Christ et al., 2010; Kueper et al., 1993; Pearce 
et al., 1994; Whelan et al., 1994). The zone where DNAPL is present is usually denoted as source zone. 
While DNAPL source zones are usually restricted to the area where DNAPLs were released, 
gaseous or dissolved molecules can migrate further contaminating an extended volume of the 
subsurface and eventually reach receptors such as pumping wells or rivers. Most chlorinated DNAPLs 
are highly volatile leading to extensive gas phase contamination (Wang et al., 2012; Yu et al., 2009). 
These vapors could then dissolve in infiltrating rainwater and reach groundwater. In the saturated zone, 
groundwater flow through DNAPL source zones leads to the formation of plumes of dissolved 
contaminants (Chapman and Parker, 2005; Chapman et al., 2007; Rivett et al., 2006). Although 
DNAPLs are hydrophobic, the solubility of chlorinated hydrocarbons is usually many orders of 
magnitude higher compared with drinking water standards. A relatively small amount of chlorinated 
DNAPL has the potential to contaminate groundwater over a significant area for decades.  
Under aerobic conditions, highly chlorinated compounds are very stable and hence no attenuation 
due to biodegradation occurs. Under strongly reducing conditions, they can be degraded via reductive 
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dechlorination. Less chlorinated compounds (for example vinyl chloride ) can also be oxidized to CO2 
(Becker and Seagren, 2009; Haest et al., 2012; Hood et al., 2008; Hunkeler et al., 1999; Sercu et al., 
2013; Shepherd et al., 2006; Tsai et al., 2009).  
1.2 DNAPLs IN KARST SETTINGS  
Karst aquifers provide drinkable water for hundreds of millions of people, accounting for 25 % of 
the world’s groundwater resources (Ford and Williams, 2007). Although there is an extensive and 
rapidly growing literature on contaminants in porous media and fractured aquifers, the investigation of 
contaminant transport in karst aquifers is just at the beginning (Herman et al., 2012; Uhlman and 
Barner, 1998; Vesper et al., 2001). Transport mechanisms of heavy metals, LNAPLs and DNAPLs in 
karst aquifers have been recognized as open questions that need to been properly framed (White, 
2002). DNAPLs can migrate to considerable depth in karst aquifers due to the presence of large 
subsurface openings. Once chlorinated DNAPLs intrude and accumulate in a karst aquifer, they will 
become a contamination source for decades or longer. Due to the complex networks of preferential 
pathways in karst aquifers, through which DNAPLs might migrate, it is difficult to locate and 
remediate karst aquifers contaminated by DNAPLs. In the following, important characteristics of karst 
aquifers that influence DNAPL migration are discussed. Studies on DNAPLs in karst settings are 
reviewed and finally a conceptual model of the DNAPL fate in karst aquifers is provided.  
1.2.1 Characteristics of karst aquifer 
Karst aquifers form in soluble rocks such as limestone and dolomite, and are characterized by 
voids of varied sizes and different flow regimes. Karst aquifers comprise three types of voids, which 
cause the permeability to span over many orders of magnitude. The primary porosity (referred as 
matrix porosity) is created during the deposition of rock, ranging from less than 1% (Bailly-Comte et 
al., 2010) to 30–50% (Martin et al., 2006; Renken et al., 2008). The secondary porosity are fractures 
(or fissures) arising from rock folding and faults. Conduits are considered to be the tertiary porosity 
created by dissolution and circulation of groundwater through fractures, with diameter from 5–16 mm 
(Howard, 1964) to tens of meters. Soluble rock with small primary porosity usually hosts strongly 
developed karst conduit networks, while those of higher original porosity tend to have poorly 
developed karst features (Ford and Williams, 2007).  
Flow within the aquifer is divided into two modes, turbulent conduit flow and diffuse Darcian flow 
in fine fractures or the matrix (Atkinson, 1977). Although karst rocks may have primary porosity and 
secondary fracture porosity, most water is transmitted by conduits (tertiary porosity) developed by 
dissolution. A significant conduit flow component and associated turbulent flow is a distinct feature of 
karst. Non-Darcian behavior occurs in conduits when apertures exceed about 1 cm (Howard and 
Groves, 1995; White, 2002). Therefore, in karst aquifers, the range of conditions under which Darcy’s 
law can be considered valid is very restricted (Mangin, 1975). 
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1.2.2 Site investigations of DNAPLs in karst aquifer 
There have been some investigations of spill, dump and superfund sites which all demonstrate 
clearly the rapid movement and deep storage of DNAPLs in karst aquifer. Crawford and Ulmer (1994) 
investigated the movement of chloroform and TCE as DNAPL and dissolved phase at train derailment 
site near Lewisburg, Tennessee. Large quantities of chloroform-contaminated groundwater were 
pumped from a recovery well drilled into a sediment-filled cave. Their investigations also 
demonstrated that DNAPLs (TCE and chloroform) were likely to find their way through lower 
permeability material via fractures or interconnecting features and got into a confined aquifer. Jancin 
and Ebaugh (2002) studied the migration of DNAPL in a karst area with a thick overburden consisting 
of loess and alluvial sediments on top of the bedrock surface in southwestern Kentucky. Although the 
clay-filled depressions on the bedrock surface acted as barriers to downdip migration in the uppermost 
bedrock, permeable sands filled in deep top of bedrock lows and large solution fractures allowed 
DNAPL migration across bedrock layering. DNAPL that had penetrated through the overburden 
mainly migrated along slightly dipping bedding planes in the limestone formation.  
Other field studies focus on the response of dissolved compounds from DNAPLs to hydrological 
events. Han and Wang (2004) studied the temporal and spatial evolution of carbon tetrachloride 
occurring in karst groundwater from a pesticide manufacturer. During a storm event, concentrations of 
the dissolved compounds were found to increase near the source zone while decrease in the discharge 
zone due to a dilution effect. In another field study of organic contaminants in karst aquifer (Mahler 
and Massei, 2007), peak concentration of PCE (Perchloroethylene) and Atrazine occurred 
simultaneously during storm events although they likely originated from different sources.  PCE likely 
originated from point source contamination while atrazine originated from a diffuse input. The similar 
concentration patterns suggest a possible common storage place between the input zone and spring 
outlet. Both studies show that contamination of DNAPLs at springs has a direct relationship with 
recharge events. However, identification of DNAPL source zones and implementation of remediation 
is challenging in karst aquifer.   
1.2.3 Conceptual model and DNAPL behavior in karst aquifers 
Based on field studies, a conceptual model of DNAPL behaviors in karst settings has been 
proposed by Wolfe et al. (1997) as illustrated in Fig.1.1. The main injection points that DNAPLs enter 
into karst subsurface are sinking streams, sinkholes, and diffuse input through regolith and rock 
interface. The processes that control DNAPL behaviors in subsurface are summarized in Fig.1.2. 
Pooled and residual DNAPL can occur in both the vadose and ground-water zone. DNAPL source 
zones deplete through mass transfer to other phases by volatilization, dissolution and matrix diffusion. 
Therein, the dissolved-phase plume acts as an intermediate in transfer processes among phases. In 
terms of karst aquifers, the occurrence and fate of DNAPL in the subsurface exhibit their own 
characteristics in addition to the similar cases occurring in granular aquifer.  
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Fig.1.1  Distribution of potential DNAPL-accumulation sites in a hypothetical karst spring , 
case 3 is the targeted scenario of the thesis (Modified based on Wolfe 1997)  
The accumulation of DNAPLs in karst aquifer can occur at three main locations, the epikarst zone, 
the active conduit system and deep phreatic zone as Loop and White (2001) generalized. The epikarst 
zone is characterized by the secondary voids ranging from fractures (millimeters to centimeters) to 
open shafts (meters to tens of meters), and the irregular regolith/bedrock interface. DNAPLs might 
become trapped (Hofstee et al., 1997; Hofstee et al., 1998; Kueper et al., 1993; Zhang and Smith, 2001) 
at residual saturation in soil, as pools on top of low permeability layers, e.g., clay or impermeable 
limestone (Fig.1.1 Case 1B), or within fractures. Depending on the degree of fracturation, vertical 
pathways in the vadose zone are, however, not always directed to draining conduits. They are often 
offset along bedding planes and deflected by lithologic and structural barriers, and intercepted by dry 
caves. DNAPLs could become trapped in these voids with less chance to access active flowpath 
(Fig.1.1 Case 1A). For DNAPL trapped in the epikarst, volatilization in vadose zone and dissolution in 
saturated zone are the dominant removal processes. These processes have been investigated so far for 
granular porous media but not for epikarst settings (Anderson et al., 1992a; Anderson et al., 1992b; 
Chrysikopoulos et al., 2000; Dela Barre et al., 2002; Imhoff et al., 1998; Lee and Chrysikopoulos, 
2002; Miller et al., 1990; Rivett and Feenstra, 2005; Rivett et al., 2001; Schwille, 1988).  
 DNAPLs could enter into the active conduit system through sinkholes which are usually 
connected directly to phreatic conduits with rapid flow. DNAPLs can penetrate through sinkholes via 
three different ways: by direct infiltration through sinking streams (Fig.1.1 Case 2), by slow 
infiltration through soil plugging sinkholes, or by contaminated soil falling into conduits. The direct 
connection between sinkholes and conduit system allows contaminants to travel rapidly to springs 
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(Loop and White, 2001). DNAPLs could intrude into the sediment pile in conduits, become entrapped 
as residue or form pools at the base of the sediment pile. The pore space distribution within the clastic 
sediments in conduits, and their hydraulic connection with conduit flow are important factors for the 
dissolution and transport of DNAPL components.  
DNAPLs could further move into any available porosity below the local base level and be trapped 
in the deep portion of the aquifer. Compared with the active conduit flow circulation above, the flow 
rates are low in the deeper bedrock and DNAPLs can remain in storage for long periods of time 
(Fig.1.1 Case 5B).  
 
Fig.1.2  Processes controlling DNAPL distribution and fate in the subsurface (by Wolfe 
1997), the process to be studied in our work is highlighted with red frame  
From these possible DNAPL locations presented above, DNAPLs present in conduits in the 
phreatic zone likely lead to the highest levels of dissolved contaminants at springs since most water 
transits through these zones. In addition, DNAPLs in conduit sediment may be transported on 
suspended sediment or with entrained bulk sediment. During low and moderate flow condition when 
sediments are stable, dissolution will be the dominant process for DNAPL depletion, especially in 
water-filled conduit, which is the targeted process of this study.  
While the processes that control the rate of DNAPL dissolution in fractured rock and 
unconsolidated sediments have been investigated in detail (Dickson and Thomson, 2003; Kueper and 
McWhorter, 1991; McLaren et al., 2012; O'Hara et al., 2000; Schaefer et al., 2009; Yang et al., 2012), 
dissolution of DNAPL in karst aquifers has received little attention so far. Hence, the study will focus 
on the dissolution of DNAPL in a conduit and sediment system. As a basis for these studies, common 
morphological features of karst conduits and factors that control the flow and sediment distribution in 
conduits will be reviewed.  
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1.2.4 Morphology of karst conduits, flow processes and sediment distribution  
The conduit morphology is strongly influenced by the paths that guided the original dissolution of 
the bedrock. The axes and geometry of conduits can be influenced by the fold pattern by tectonic 
movement. Investigation of cave systems indicates the frequent occurrence of water-filled phreatic 
loops in cave system (Fig.1.3). Such structures have for example been detected in the Hölloch, 
Switzerland, Swildon’s hole II-XII, England (Ford and Ewers, 1978) and the Krupaja siphon spring 
channel (Milanovic, 2007). At the loop bases clastic debris is often deposited, limiting the access to 
cave passage. Vertical amplitude of looping varies in different systems from <15 m to several hundred 
meters, depending on the dipping of strata and the dimensions of fractures. The looping structure is 
likely enhanced by the higher dissolution rate at sinkholes and draining springs, and the lower 
dissolution rate at the connecting passages (Dreybrodt, 1990; Groves and Howard, 1994b; White, 
1977), leading to the siphon forms commonly encountered in caves.  
 
Fig.1.3  Illustration on (a) successive phreatic loops developed in massive of limestone; (b) 
(c)deep phreatic cave with multiple loops, hypothesized by Ford and Ewers (1977)  
Flow processes in karst aquifer can be highly variable. Depending on the hydraulic gradients and 
conduit diameters, flow in conduit may be fast turbulent or laminar flow (early stage of cave 
development (Groves and Howard, 1994a). Flow could be continuous or discontinuous controlled by 
conduit morphological features. Water level in conduit stream changes with recharge condition. Flow 
in conduits may function as free-surface open channel flow or full pressurized pipe flow. Water-filled 
portion of the conduits may descend to sumps and then rise again to open channels. Conduit velocities 
range from cm/s to m/s (Worthington and Ford, 2009). They are usually many orders of magnitude 
faster than groundwater velocities of m/d in granular or fractured porous media. Open channel flow in 
karst systems is not intrinsically different from open channel flow in surface streams. Conduits show 
similar type of deposits as in surface streams with meandering channels, point bars, and other features 
(Herman et al., 2012).  
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The conduit systems are very rich in clastic sediments (Herman et al., 2012; Schroeder and Ford, 
1983).  Only recently the role of clastic sediment has been demonstrated as an intrinsic part of karst 
hydrologic systems and also as an important mechanism of contaminant transport (Herman et al., 2012; 
Herman et al., 2008). Clastic sediments include allochthonous sediments carried by sinking streams or 
by soil washdown from the epikarst, and autochthonous sediments such as breakdown and residual 
insoluble material from the dissolution of limestone, e.g., chert nodules. Increased paved areas with 
urbanization dramatically increase water and sediment entering conduit system through sinkholes. The 
conduit system acts as a mixing chamber where the injected materials are sorted and rearranged. The 
clastic sediments are usually thought to form a more permeable medium encapsulated by the relatively 
impermeable limestone wall of the conduit (Loop and White, 2001).  
The sequence of cave sediments records the history of conduit hydrology. Deposition of sediments 
with varied grain size is an indicator of the conduit flow capacity. Clastic sediments in karst aquifers 
fall into roughly three size classes, clay, silt and fine sand (few micrometers to 0.2 mm); sands, gravels, 
and small cobbles (0.5–100 mm); boulders ( >200 mm). The middle range grains are most easily 
mobilized and are most frequently studied in flume tests. Many conduits undulate in the vertical plane 
with downloops and up-loops (Ford and Ewers, 1978). The downloops act as sediment traps (Fig. 1.4). 
The trapped sediment protects the floor and lower walls of the conduit from dissolution by the flowing 
water. High heads developed during flood flows may flush sediments out of conduits. During 
moderate to low flows the clastic material may deposit back and again block the passage. 
 
Fig. 1.4  Segment of conduit showing undulating profile with contaminant trapping sites 
(Loop and White 2001)  
As the natural karst systems are quite complicated and there are barely any sites where DNAPLs 
have been located and accessible for study, this study will rely on a laboratory analog resembling karst 
conduit with sediments. In the following, previous applications of laboratory analog models in karst 
research will be reviewed. 
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1.3 ANALOG MODELS IN KARST SETTINGS 
For karst studies, two types of analog can be distinguished: One is the single medium analog, 
which contains either limestone porous media, or an individual conduits feature; the other type is the 
dual-medium analog consisting of a conduits with surrounding matrix, which better represents the 
duality of karst aquifer.  
The first type of analog is commonly used to study the reactive transport of solutes in limestone 
media. Curk (1997) studied the retardation of tracer Uranine to limestone samples in a column filled 
with crushed rock. Tracer tests showed negligible retardation with constant inflow of high 
concentration (1µg/l) Uranine at high flow. However, retardation became perceptible at low flow due 
to the increased residence time and matrix diffusion. Transport and sorption of microsphere and 
pathogen were investigated using intact limestone cores (Harvey et al., 2008; Renken et al., 2008; 
Renken et al., 2005; Shapiro et al., 2008). The tracer tests showed that preferential flow paths have a 
stronger influence on the transport of colloids than of nonreactive tracer. In addition, the high matrix 
porosity of limestone was effective in removing oocyst-sized microspheres. Hauns (1999) investigated 
the effect of pools in karst conduits on the dispersion of solutes (Hauns, 1999; Hauns et al., 2001a; 
Hauns et al., 2001b). Laboratory tracer tests showed evident tailing related to the presence of the pool. 
Dispersion was decreasing with increasing flow rate. In contrary, dispersion was found to increase 
with flow rate from field tracer tests performed in a cave pool stream. Additionally, numerical 
simulations of flow and solute transport in channels of different shapes by Computational Fluid 
Dynamics (CFD) showed the highest dispersion for angular channels. Single feature analogs provide a 
simplified way for laboratory experiments similarly to column experiments with granular porous 
media. They, however, do not represent some key features of karst aquifers such as the duality of flow.    
The second type of analogs is constructed more closely based on the conceptual model of dual 
flow in karst aquifers. The sequestration of solutes from conduits into the matrix was investigated 
using an apparatus consisting of a cylinder pipe enclosed by a chamber packed with glass beads (Li, 
2011; Li, 2012; Li and Loper, 2011; Li et al., 2008; Li et al., 2010). Sequestration was classified into 
two extremes: active sequestration by advection due to significant pressure difference between conduit 
and matrix during high flow regime (flooding seasons); and passive sequestration, characterized by 
shear-flow induced for instance by the wavy bedform configuration with no significant pressure 
difference between the two domains under low flows (ordinary hydrological seasons). Small-scale 
pressure variation (shear-flow sequestration) at the conduit-matrix boundary was sufficient to transfer 
solutes and nutrients to a sublayer of porous media adjacent to the conduits where bacteria may thrive. 
This zone was termed as hyporheic zone (Li et al., 2012). Another research group investigated 
conduit-matrix exchange processes by using a rectangular conduit overlain by a porous media made of 
glass beads (Faulkner et al., 2009; Hu, 2010). The experiments of Hu showed visually the intruded 
tracer plume from conduit to the matrix through the transparent plexiglas wall.  Both the studies from 
Li et al and Hu et al showed the significance of flow exchange between conduit and matrix on the 
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solute transport in karst aquifers. Hydraulic head in each domain was controlled independently in both 
the two analogs. The matrix simulated in both the analogs was very permeable, which was not 
representative for limestone with low primary porosity and permeability. Different concepts were used 
to describe the conduits-matrix coupling in numerical models. Li et al. adopted a no-slip boundary 
condition, whereas, Hu et al. used a Beaver-Joseph interfacial boundary to couple the two domains. 
The different concepts used to represent the interfacial boundary will be further discussed in the 
section of modeling approach in Chapter 2.  
1.4 STUDY PURPOSE AND APPROACH 
While several studies have proposed the conceptual models of DNAPL behaviors in karst as 
reviewed above, the postulated processes have not been investigated experimentally so far. This thesis 
focuses on the fate of DNAPLs trapped in sediments present in karst conduits. As most of the flow 
transits through conduits such zones might be a particularly important source of dissolved compounds. 
The main aim is to gain a better understanding of the processes that control the rate of DNAPL 
dissolution and hence the longevity of a sediment-buried DNAPL source zone in conduits. The flow 
rate in the sediment at the water/DNAPL interface is a key factor that controls mass transfer of 
DNAPL compounds to the dissolved phase. Hence, the quantification of DNAPL dissolution requires 
a good understanding of hyporheric exchange processes between the conduit and sediment domain. 
Therefore, the first part of this PhD was dedicated to conduit-sediment exchange processes before 
investigating the dissolution of sediment-entrapped DNAPL pools. The role of conduit flow rate, 
sediment properties and conduit geometry on hyporheic flow and dissolution process will be 
investigated. Laboratory analogs have been demonstrated to be useful in understanding conduit-matrix 
exchange processes, and hence such an approach was adopted in this study. Tracer tests and numerical 
simulations for characterizing flow and solute transport processes were applied throughout the thesis. 
The objectives and research approaches of each chapter are summarized below. 
Chapter 2: First, the two key processes – hyporheic exchange and DNAPL pool dissolution were 
reviewed and discussed before further exploring the specific issues when applying these concepts to 
karst conduit and sediment system. The driving forces that induce hyporheic exchange in surface 
water and biogeochemical implications of hyporheic flow were presented. The potential karst 
hyporheic flow was discussed based on indications from some field studies. Then, the conceptual 
model of pool dissolution and methods to quantify the mass transfer rate were summarized. Finally, 
for applying an appropriate mathematical approximation of flow and transport processes in the conduit 
and sediment system, different governing equations and boundary conditions for modeling flow in the 
dual domains were compared.  
Chapter 3: To investigate hyporheic flow processes in the conduit-sediment system, a laboratory 
analog resembling a siphon partly filled with sediment was built. Two systems with different conduit 
angles accounting for hydraulic effect from geological dipping were set up to study the influence of 
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conduit angle on flow and transport processes. Flow regimes and dispersive property in conduit were 
defined by in-conduit tracer tests. Sediment-source tracer tests were used to characterize hyporheic 
flow patterns in the sediment domain, and to investigate the influence of conduit flow condition 
(parameterized by Reynolds number Re) and conduit angle on solute transport. The driving force and 
magnitude of hyporheic flow in the conduit and sediment system were investigated by analyzing 
pressure and flow fields by numerical simulation. The mathematical model in representing flow 
motion and solute transport processes was evaluated by comparing the simulated BTCs with that from 
tracer tests. Finally, by calculation from numerical model, the relationship between the overall 
exchange flux qint and conduit Re was established.  
Chapter 4: Furthermore, the role of sediment properties on hyporheic exchange between conduit 
and sediment was investigated in addition to the effect of conduit flow rate and conduit angle. The 
same sediment-source tracer tests and numerical simulations were conducted as in Chapter 3 for 
sediments of variable grain sizes. The relative roles of different controlling factors on the hyporheic 
flow pattern and magnitude of exchange flux were evaluated based on the numerical simulations of 
flow fields and the overall exchange flux qint.   
Chapter 5: With the solid understanding of hyporheic flow in conduit-sediment systems, a well-
defined DNAPL pool with surrogate compound was created at the bottom of the sediment to study 
influences of conduit flow and angle on the mass transfer rate of DNAPL compounds to the dissolved 
phase. Mass transfer coefficients km were quantified and relationship between km and conduit Re was 
established. As the dissolved plume was invisible, a solidified pool of soluble tracer was created to 
track the transport of the solute plume originating from the DNAPL pool surface. To highlight 
differences in the dissolution processes between a conduit-sediment system and a classical porous 
media, km predicated by a 2D model for a semi-infinite porous media was compared with the observed 
and simulated values. The mass transfer rate in karst conduit sediment and semi-infinite porous 
medium was further compared and discussed.  
Chapter 6: The last chapter is summary and conclusions of the whole thesis, includes also some 
discussion of limitations of the study and outlook of the future work.  
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Chapter 2 
Relevant processes and mathematical 
description 
The rate of DNAPL pool dissolution in karst conduit and sediment settings depends on two main 
factors: The intensity of water flow through the sediments and the mass transfer rate of molecules 
across the DNAPL/water interface. Each of these factors has received a lot of attention in previous 
studies but their interaction in conduit-sediment system has not yet been considered so far. Mass 
transfer across NAPL/water interfaces has extensively been studied for fully water-saturated porous 
media. Numerous studies on hyporheic flow have investigated the interaction between free flow in 
surface water and porous media flow in the underlying sediments. In the following, the main findings 
from these two fields are briefly reviewed, followed by a discussion of the mathematical methods to 
the coupled free flow and porous media flow.  
2.1 DNAPL POOL DISSOLUTION 
Understanding the dissolution process of DNAPL is of importance for site management and 
remediation. The rate of mass transfer from the DNAPL will influence the dissolved compound 
concentrations in groundwater as well as the lifetime of a DNAPL source zone (Pankow and Cherry, 
1996). Numerous studies have investigated how the interphase mass flux varies as a function of the 
DNAPL architecture and groundwater flow conditions in unconsolidated granular media (Anderson et 
al., 1992a; Anderson et al., 1992b; Chrysikopoulos and Kim, 2000; Geller and Hunt, 1993; Hunt et al., 
1988). The morphology of the DNAPL source zone, DNAPL solubility and interstitial velocity at the 
water/NAPL interface has been identified as important factors that control the dissolution process.  
The entrapment architecture of DNAPLs strongly influences the processes of mass transfer (Fure 
et al., 2006; Page et al., 2007). A portion of the DNAPL may be trapped and immobilized as blobs or 
ganglia within the pore spaces, referred to as residual NAPL (Hunt et al., 1988). In addition, DNAPLs 
can accumulate as pools when encountering an impermeable layer while migrating downward 
(Chrysikopoulos et al., 1994).  
During dissolution of both pools and residual NAPL, the flux to the aqueous phase proceeds via 
diffusion across the phase boundary. The total flux rate is dependent on the interfacial area between 
the NAPL and water-filled pores with active flow (Butcher and Gauthier, 1994). Of the two 
configurations, residual NAPL dissolution is expected to proceed at a faster rate, because of the larger 
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surface area available for interphase mass transfer (Schwille, 1988). NAPL pools tend to be aligned in 
groundwater flow direction hence limiting the contact with flowing groundwater (Anderson et al., 
1992b). The rate of dissolution into groundwater flowing above a thin pool of chlorinated 
hydrocarbons (CHC) will also be controlled by the rate at which vertical dispersion can move the 
contaminant away from the water /DNAPL interface (WDI) and into the clean water above the pool 
(van der Waarden et al., 1971; van der Waarden et al., 1977). Hence DNAPL pool dissolution tends to 
have a strong influence on the lifetime of a DNAPL contamination and will be discussed in more 
detail.  
2.1.1 Conceptual model of DNAPL pool dissolution 
DNAPL pools typically only have a small height but are long, due to their accumulation on top of 
low permeability layers (Schwille, 1988). The shape of a dissolved plume above a DNAPL pool in 
uniform groundwater flow is illustrated in Fig. 2.1.  
 
Fig. 2.1  Illustration of DNAPL pool dissolution experiment of Schwille (1998)  
The dissolution rate is controlled by diffusion/transverse dispersion along the concentration 
gradients above the interface. If the concentration gradients are known, one can calculate the 
dissolution rate. For the dissolution of DNAPL pool of a regular geometry, an analytical equation of 
the concentration profile was derived which permits calculation of the dissolution rate (Bird et al., 
1960; Hunt et al., 1988). The equation was derived based on the advection-dispersion equation in a 
steady-state form. Assuming that the pool is wide relative to the horizontal transverse mixing process, 
the dissolution process can be approximated in a two-dimensional vertical section. Neglecting 
horizontal dispersion which does not influence significantly the dissolution rate, the two-dimensional 
form of transport equation is (Johnson and Pankow, 1992): 
 
  
  
     
   
   
                                (Eq. 2.1) 
 
                                      (Eq. 2.2) 
Where    is the average flow velocity, C is the concentration, x is longitudinal coordinate, z is 
vertical coordinate,     is the transverse vertical dispersion coefficient,    is the molecular diffusion 
coefficient,     is the transverse vertical dispersivity. The vertical transverse dispersion in 
groundwater system is generally small. At low groundwater velocity (0.1 m/d), vertical dispersion is 
on the order of molecular diffusion (Sudicky, 1986).  
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For dissolution of a DNAPL pool into a semi-infinite porous media in vertical direction, an 
analytical solution was derived by Hunt et al. (1988). Assuming that the concentration is always at 
saturation at the interface, the following concentration profile at downgradient edge of the pool is 
obtained (x = Lp, Lp is pool length) 
 (    )           
 
  
     
 
    
)             (Eq. 2.3) 
For residual DNAPL, it is impossible to know the microscopic concentration gradient that control 
dissolution at the pore scale. Due to the lack of knowledge, the dissolution is characterized by the 
mass transfer coefficient km. It is not a fundamental physical property, but rather an effective 
parameter influenced by different factors. There are a variety of models describing mass transfer 
among phases. A common form of mass transfer relationship is given by (Miller et al., 1990): 
                                            (Eq. 2.4) 
Where J is solute mass flux to aqueous phase (ML
-2
T
-1
); km is mass transfer coefficient (LT
-1
), Cs 
is the solute solubility concentration (ML
-3
) and C∞ is aqueous phase solute concentration (ML
-3
) 
(Pankow and Cherry, 1996). For the dissolution of DNAPL residuals, the mass transfer rate is defined 
per volume of porous media (ML
-3
T
-1
). Hence, the mass transfer rate coefficient K° (T
-1
) is used rather 
than km by multiplying km with ana, ana= Ana/V, where ana is the specific interfacial area (L
-1
), Ana is the 
surface contact area (L
2
), V is the volume of the porous media (L
3
).   
Supposing the C∞ is zero, the analytical solution of km for the regular DNAPL pool dissolution is 
given by Johnson and Pankow (1992): 
   
 
  
 
  
√ 
√      ⁄                          (Eq. 2.5) 
where ɛ is porosity. The mass transfer coefficient km is a parameter controlled largely by the water 
flow conditions. Laboratory studies show that, at groundwater flow velocities below 1 m/d (1e–5 m/s), 
the dissolution of residual DNAPL is not limited by the rate of interphase mass transfer but by the 
DNAPL solubility and molecular diffusion coefficient. Stagnant film model is most commonly used to 
describe this mass transfer rate by Fick’s law, km=Dm/δs, where Dm is molecular diffusion coefficient, 
δs is the thickness of stagnant layer. In contrast, dissolution become mass transfer rate limited when 
groundwater flow velocities is above 1 m/d (Imhoff et al., 1998; Schwille, 1988). In the DNAPL pool 
dissolution, less-than-saturated dissolved concentrations are often observed when averaging over the 
effluent water above the interface. Only a small cross-sectional area of DNAPL pool is exposed to 
horizontal groundwater flow. Hence dissolution of DNAPL pool occurs predominantly along the 
margins of the pool, leading to a much lower dissolution rate than for a residual zone. 
Furthermore, the dissolution of both non-ideally shaped and well-defined DNAPL pool were 
investigated by some authors in a three-dimensional saturated porous media through lab experiments 
and numerical modeling (Chrysikopoulos, 1995; Chrysikopoulos et al., 2000; Dela Barre et al., 2002; 
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Kim and Chrysikopoulos, 1999; Lee and Chrysikopoulos, 2002). These studies demonstrated the 
significant influence of groundwater flow velocity on the mass transfer rate of pool dissolution and the 
dissolved plume transportation.  
2.1.2 Dimensionless numbers in mass transfer correlation 
Mass transfer models in a general dimensionless form may be applicable to a range of 
contaminants, porous media, and flow conditions (Imhoff et al., 1998). In the literature reporting mass 
transfer data, dimensionless numbers are commonly used to quantify mass transfer coefficients by 
correlation with characteristic parameters that can easily be determined.   
Sherwood number Sh is defined as the ratio of mass flux to the diffusive flux, which basically 
normalizes the mass flux to a compound specific property (diffusion coefficient) Sh = kml/Dm, where l 
is characteristic length which could be the stagnant layer thickness δs or grain size of a porous medium 
  , Dm is the diffusion coefficient. It could be further correlated with Reynolds number Re, Re = Ul/ν, 
where U is flow velocity, ν is kinematic viscosity, and Peclet number Pe, Pe = Ul/Dm, which involves 
flow considerations. The Sherwood number is commonly used in mass transfer correlation for residual 
NAPL. Some authors also use it as correlation for NAPL pools with the characteristic length l related 
to the pool size rather than the mean grain size (Kim and Chrysikopoulos, 1999).  
More correlations among these dimensionless numbers are given in Pankow and Cherry (1996) 
summarizing the previous works. These correlations relate mass transfer coefficients to the measurable 
features of the porous media such as grain size. This then makes it possible to estimate mass transfer 
coefficients based on porous media characteristics. 
2.2 HYPORHEIC FLOW IN WATER-SEDIMENT MEDIA 
As discussed above, the rate of DNAPL dissolution strongly depends on the water flow rate along 
the DNAPL/water interface. In the case of DNAPL present in karst sediments, the flow field in the 
sediment needs to be known to quantify DNAPL dissolution. There are many studies on flow 
processes in streambed sediments, referred to as hyporheic flow, and mechanisms that induce it. In 
contrast, there is hardly any information available on flow in sediments present in karst conduit, which 
is here also referred to as hyporheic flow. In the following, the occurrence and mechanisms of 
hyporheic flow in streambed sediments will be briefly reviewed which serves as a basis for the study 
of hyporheic flow in karst sediments.      
2.2.1 Hyporheic flow in surface hydrology 
In a broad sense, the hyporheic zone is defined as the subsurface region within streambeds that 
exchanges water with the surface (Valett et al., 1993). The hyporheic zone is beyond direct 
observation and not easily sampled by traditional methods (White, 1993). The concept of coupled 
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surface-subsurface flows was initially proposed by Vaux (1968) in the context of fish spawning as part 
of his investigations of interstitial flow through gravel beds. He recognized the connection between 
hydrodynamic conditions in the stream and the pressure distribution at the sediment-water interface 
(SWI). During hyporheic exchange flow (HEF) water infiltrates into sediment and returns to the 
stream, which is critical to the functioning of steam ecosystems (Käser et al., 2013). Interactions 
between free flowing water and underlying sediments also take place in other environmental systems, 
e.g., overland flow during rainfall events, benthic boundary layer at lakes, wetlands and some ocean 
bottoms. 
The driving forces of hyporheic flow are classified into categories: bedform-/flow-induced 
pressure variations related to velocity variations over obstacles (hydrodynamically induced advection); 
hydraulic gradient caused by geomorphological features, e.g. stream meanders, and in-stream 
structures, e.g. debris dam, riffle-pool sequences (hydrostatically induced advection); turbulent 
momentum transfer (Käser et al., 2009). Other drivers summarized by Santos et al. (2012) in coastal 
context includes: hydraulic gradients in coastal zones; seasonal oscillation of water table; wave and 
tidal pumping; fluid shear; density-driven convection; bio-irrigation and bio-perturbation and sediment 
compaction. All these driving forces addressed act essentially through pressure difference imposing on 
the sediment-water interface.  
The bedform induced exchange has been thoroughly investigated by many researchers because it 
is commonly encountered at almost all free flowing water and sediment interfaces (Cardenas and 
Gooseff, 2008; Cardenas and Wilson, 2006; Cardenas and Wilson, 2007b; Cardenas et al., 2008; 
Sawyer et al., 2011; Thibodeaux and Boyle, 1987). The interaction of free flow with the streambed 
topography generates an irregular pressure distribution along the interface thus causing water 
circulation within the underlying porous media (Cardenas and Wilson, 2007a). In many hyporheic 
exchange studies, idealized triangular bedform topography was assumed (Cardenas and Wilson, 2007b; 
Elliott and Brooks, 1997). Hyporheic flow occurs over a wide spatial scale ranging from millimeters to 
kilometers, and temporal scale from seconds to years (Boulton et al., 1998). Understanding the 
timescales of surface water-groundwater — hyporheic exchange is a step towards quantifying the rates 
of important biogeochemical reactions (Cardenas, 2008), e.g., the cycling of nitrogen. Hyporheic flow 
could have a positive effect on water quality by filtration and due to biogeochemical transformation of 
solutes as shown for streams (Boulton et al., 1998; Mermillod-Blondin et al., 2000; Mermillod-
Blondin et al., 2004; Vervier et al., 1993), or impair the water quality by releasing contaminants 
trapped in the sediments, for example DNAPLs (Zhang et al., 2000; Zoumis et al., 2001). 
2.2.2 Hyporheic flow in karst settings 
Similar as in streambeds, hyporheic flow could also occur in sediments present in karst conduits 
although the process has received little attention so far (Herman et al., 2012). Two types of hyporheic 
processes can be distinguished depending on the permeability of the rock surrounding the conduit. In 
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case of low permeability rock, hyporheic exchange mainly occurs between the conduits and sediments. 
For high permeability rock, exchange between conduits and the rock matrix can be relevant, too.  
 There is hardly any data on hyporheic flow in karst conduits are available so far. Temperature 
measurements made in karst sediments by Dogwiler and Wicks (2005) suggest that hyporheic flow 
might indeed occur. In a theoretical study, Cardenas and Gooseff (2008) evaluated the effect of a 
cover (e.g. an ice layer) on hyporheric exchange in streambed sediments using numerical simulations 
which has some similarities to karst conduits. They observed that the cover leads to an increased but 
shallower hyporheic flow compared to open channel for an analogous bedform. They also speculated 
that the additional resistance due to the cover might lead to a decrease in bed form steepness and thus 
indirectly influenced hyporheic exchange. Reinterpretation of results from previous studies on 
contaminant transport suggests that karst hyporheic flow could have an effect on water quality. While 
contaminant breakthrough is rapid during high flow events (Einsiedl et al., 2010; Magal et al., 2013; 
Mahler and Massei, 2007; Mahler and Garner, 2009; Pronk et al., 2007), hyporheic flow might 
improve water quality during base flow when likely a higher fraction of conduit water might exchange 
with sediments. For example, Morasch (2013) observed a strong decrease in atrazine concentration 
between the swallow hole and karst spring. This was assumed to be caused by the sorption of 
contaminants to sediment particles within karst aquifer, and biodegradation by autochthonous 
endokarst microbial communities.  
Early studies also demonstrate the retention of contaminants in karst conduits although the 
possible role of hyporheic exchange was not specifically evaluated (Heinz et al., 2009; Iker et al., 2010; 
Wilhartitz et al., 2009). Heinz et al. (2009) observed a delayed release of the bacterial contamination 
from the aquifer and decreasing organic micro-pollutant concentrations between a swallow hole and a 
spring. They hypothesized that biotransformation was responsible for the decreasing concentrations 
rather than only sorption or dilution. Wilhartitz et al. (2009) revealed that the microbial communities 
associated with the karst sediments contributed to self-purification processes. Iker et al. (2010) 
observed low atrazine concentrations in karst springs despite the application of high loads in the 
catchment. Using microcosms studies, they demonstrate a high potential for atrazine biodegradation in 
karst sediments previously exposed to atrazine, which could contribute to self-purification in the karst 
system.  
In addition, toxic metals (Munteanu et al., 2012) and PCBs were found to accumulate in cave 
sediments (Pezdirc et al., 2011). Although the studies do not specifically address hyporheic flow, the 
presence of contaminants in sediments and the biodegradation potential are indirect indicators of 
hyporheic flow.   
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2.3 MATHEMATICAL DESCRIPTION OF FREE FLOW AND POROUS MEDIA 
As a basis for modeling flow and transport processes in the conduit and sediment system, concepts 
of coupling between the two domains and their mathematical description are reviewed. Free 
flow/porous media interfaces are commonly encountered in natural situations (e.g. overland flow 
during rainfall events, benthic boundary layer at lakes, wetlands and some ocean bottoms), technical 
applications (e.g. thermal insulation, filtration processes, solidification of multi-components melts, 
spreading on porous substrates), and bio-engineering applications (e.g. blood vessels).  
Due to its theoretical and practical interest, intense research activities were carried out to study 
these coupled processes (see Gobin and Goyeau (2008) for a review). The problem is characterized by 
fast moving flow above the interface and slow porous media flow below which leads to inherent 
difficulties in modeling the flow through the whole domains. There is no general agreement on the 
exact mathematical representation of the boundary condition at the interface between free flow and 
porous media, which remains an active research field (Gobin and Goyeau, 2008; Le Bars and Worster, 
2006; Shavit et al., 2004). While numerical models have provided insights into processes and 
increased predictive capabilities, there is a lack of measurements and experimental data (Santos et al., 
2012). The modeling approaches can be divided into two types, single domain and two-domain 
approaches. The two-domain approach addresses each domain separately with different flow equations 
and the coupling of flow needs to be considered. In contrast, the single domain approach uses one 
generalized formulation across the two domains, without specification of the interfacial boundary 
conditions. In summary, the selection of the approach depends on flow conditions and properties of 
the porous medium in question. 
2.3.1 Two domain approach 
For the two domain approach, fluid flow in the free flow region is described with the Navier-
stokes equation, which is strictly a statement of conservation of momentum. For incompressible fluids, 
the equations correspond to: 
 
  
                                   (Eq. 2.6) 
Where U the fluid velocity vector, ρ is the fluid density, p is the pressure field, μ is the dynamic 
viscosity of the fluid, g is gravitational acceleration. The Navier-Stokes equation (Eq. 2.6) is strictly a 
statement of the conservation of momentum. The additional mass continuity equation (Eq. 2.7) is 
usually needed, which describes the conservation of mass for the incompressible flow.  
                                                            (Eq. 2.7) 
The derivation of Navier-Stokes equations begins with application of Newton’s second law of 
motion. For a control volume, the time-rate of change of momentum equals the sum of forces acting 
on the material region. The left side is the acceleration, composed of unsteady acceleration and 
 2 Relevant processes and mathematical description 
 
22 
 
convective acceleration. The right side is a sum of forces, divergence of stress (pressure stress and 
shear stress), body force if any (gravity for example).  
At low flow velocities, advective inertial forces are small compared to viscous forces, also denoted 
as creeping flow. Under this conditions, the simpler Stokes equation can be used rather than the full 
Navier-Stokes equation. Neglecting the inertial force, the left side of Navier-Stokes equation becomes 
zero, producing the Stokes equations  
                                  (Eq. 2.8) 
This is a typical situation in flows where the fluid velocities are very slow, i.e. Re « 1, the 
viscosities are very large, or the length-scales of the flow are very small. The momentum equation 
suggests that the pressure gradient is balanced by viscous forces due to fluid-fluid interactions.   
For the sediment domain, Darcy’s law and Brinkman’s equation are widely used to study flow in 
porous media (Le Bars and Worster, 2006). In a homogeneous layer of low porosity, Darcy’s law is 
most commonly used. Darcy’ equation relates the macroscopic pressure gradient to the average flow in 
porous media. 
 
 
                                 (Eq. 2.9) 
                                             (Eq. 2.10) 
q is the Darcy velocity or flux (discharge per unit area, m/s) and ɛ is the porosity. Darcy’s flow 
equation provides a linear relation between velocity and pressure in the porous media neglecting the 
inertial effects. The extension of Darcy’s law was introduced by Brinkman to account for dissipation 
of momentum by macroscopic viscous forces, referred to as Brinkman’s equation, of the form 
(Brinkman, 1947; Neale and Nader, 1974): 
 
 
       ̃               (Eq. 2.11) 
 ̃  is the effective viscosity, The left term is same as in Darcy’s law and only addresses the 
microscopic viscous effect due to the presence of grains. The right second term is introduced to 
account for macroscopic shear effect in high porosity medium, usually greater than 0.9 (Nield, 1991). 
The value of the effective viscosity  ̃ approaches limits in the pure solid with no flow (   ̃    ), and 
in pure liquid (   ̃    ). Its value in a porous media is therefore expected to be larger than the 
viscosity of the fluid and depends on the structure of the porous media, with a common approximation 
 ̃      (Vafai and Tien, 1981). Brinkman used an identical value for both viscosities. There is 
however, a remarkable disagreement with respect to the  ̃   ratio among authors (Shavit et al., 2004), 
either larger or smaller than 1 for better matching the experimental results. Utilization of Darcy’s law 
implies fluid slip at macroscopic boundaries, while the Brinkman term accounts for energy loss due to 
viscous effects induced by flow along macroscopic boundaries.  
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Many studies make use of the two-domain approach to analyze theoretical and practical problems 
(Cardenas and Wilson, 2007a; Cardenas and Wilson, 2007b; Discacciati et al., 2002; Faulkner et al., 
2009; Kiwan and Alzahrany, 2008; Qin and Kaloni, 1993). Flow within each domain is solved 
separately. The combination of two domains requires appropriate interfacial conditions that describe 
the fluid flow across the surface of porous media. The solution of the velocity profile near the interface 
is sensitive to the boundary condition.  
 Coupling of flow 
Different types of interfacial conditions between a porous medium and a fluid layer have been 
proposed (Alazmi and Vafai, 2001), which can be classified into two main categories, slip and no-slip 
interface conditions. Slip condition assumes the occurrence of a discontinuity in the interfacial 
tangential velocity. A non-negligible velocity exists at the interface where viscous shear appears to 
penetrate into the permeable material (Beavers and Joseph, 1967): 
  
  
                                                          (Eq. 2.12) 
 
  
    
√ 
                                                               (Eq. 2.13) 
Where UB is the slip velocity at the interface, q is the Darcy velocity within the porous region, k is 
permeability of porous media, dU/dz is the velocity gradient, γ  depends on the properties of the fluid 
and the permeable material, characterizing the boundary layer thickness δ (the depth until which the 
velocity gradients due to shear forces occurs), which is on the order of √  (Kaviany, 1995). However, 
experimental studies suggest that δ is of the order of the grain diameter, which is much larger than the 
theoretical prediction (Goharzadeh et al., 2005; Gupte and Advani, 1997). The measured δ from 
(Goharzadeh et al., 2005) for different materials and grain size is 40-100 times the theoretical 
estimation. αB-J is an empirical slip parameter, a dimensionless quantity depending on the structure of 
permeable material, with a wide range from 0.1 to 4. A widely used mathematical representation for 
αB-J is √ ̃   (Neale and Nader, 1974). However, the literature exhibits a remarkable disagreement in 
terms of the ratio of   ̃  , from <1 to >10 (Alazmi and Vafai, 2001; Shavit et al., 2004).  
A no-slip boundary corresponds to zero flow velocity at the solid boundary due to viscous forces. 
It applies at the interface where slip velocities are so small that they could be ignored. For a compact 
porous medium of lower porosity, no-slip boundary condition is a safe assumption in almost every 
case (Tachie et al., 2003). Such conditions can be considered representative of many natural systems 
such as, lake sediments and some ocean bottoms.  
2.3.2 Single domain approach 
The single domain approach uses a generalized formulation for both the free flow and porous 
media which is widely used in industrial applications (Bousquet-Melou et al., 2002; Krishnan et al., 
2005; Le Bars and Worster, 2006) and numerical simulation dealing with natural convection (Hsu and 
Cheng, 1985; Kiwan and Khodier, 2008; Lauriat and Prasad, 1987; Sivasankaran and Bhuvaneswari, 
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2013; Tong and Subramanian, 1985). In this approach, the porous layer is considered as a pseudo-fluid. 
The free flow and porous media are treated as a continuum. The transition from the free flow to the 
porous media is achieved through a continuous spatial variation of properties, such as the permeability 
k, porosity ɛ and viscosity µ. It is computationally efficient comparing to the two-domain coupling 
approach. This approach avoids explicit specification of the interfacial boundary condition between 
water and sediment by applying a generalized Darcy-Brinkman equation (Beckermann et al., 1988; 
Bennon and Incropera, 1987; Kaempfer and Rappaz, 2003) 
 
  
     
 
 
               ̃    
  
 
          (Eq. 2.14) 
In the fluid channel, ɛ = 1, then q = U in Eq. 2.10, the permeability is infinite, so the Darcy term 
approaches zero, and Eq. 2.14 reduces to Navier-Stokes equation. In the porous domain, the 
permeability is much smaller than in the fluid domain, Darcy’s term becomes predominant.  
The modeling approach applied in this study and the justifications will be presented after the 
experimental setup to be introduced in Chapter 3.  
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Chapter 3 
Experimental investigation of hyporheic 
flow in conduit-sediment system 
 
 
ABSTRACT 
Karst conduits are often partly filled by clastic sediments. Flow through such sediments can have a 
strong impact on the fate of sediment-entrapped contaminants. In contrast to stream bed sediments, 
hyporheic flow in karst sediments has received little attention so far. For karst sediments, conduit 
bends could induce hyporheic flow, in addition to bedforms or obstacles. The main aim of this study 
was to investigate flow processes in a conduit-sediment system using a laboratory model resembling a 
siphon and numerical modeling. In the laboratory system, zones with forward and reverse flow 
occurred in the sediment due to the conduit bends. As demonstrated with sediment-source tracer test, 
entrapped solutes were generally flushed out more rapidly at a higher flow rate and steeper conduit 
angle. Numerical modeling assuming pressure continuity across the conduit-sediment interface 
reproduced the flow patterns and breakthrough curves (BTCs) well. Based on the model, the 
magnitude of hyporheic exchange is expected to increase linearly with the flow rate and was higher for 
a steeper conduit angle. However, the increase in flushing intensity was not evenly distributed 
throughout the sediments but occurred mainly adjacent to the conduit bends consistent with 
observations from tracer tests. This study confirms that conduit bends could have a strong influence on 
hyporheic flow in karst sediments.  
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3.1 INTRODUCTION 
Many environmental systems involve free flowing water over a sediment layer, e.g., flow over 
streambed, overland flow during rainfall events, benthic boundary layer at lakes, wetlands and some 
ocean bottoms. Mechanisms of advective flow in such sediments have received increasing attention, 
especially hyporheric flow in streambed sediments, due its importance for biogeochemical and 
ecological processes in streams (Choe et al., 2004; Harvey and Fuller, 1998; Karwan and Saiers, 2012; 
Packman and Brooks, 2001). Different driving forces have been identified that induce hyporheic flow, 
including bedform and obstacle generated flushing, wave and tidal pumping, and biogenic processes 
(Cardenas, 2008; Cardenas and Gooseff, 2008; Cardenas and Wilson, 2006; Cardenas and Wilson, 
2007b; Santos et al., 2012; Sawyer et al., 2011; Thibodeaux and Boyle, 1987). 
Similarly as in streams, hyporheic exchange could also occur in karst conduits that often contain 
sediments. In such systems, hyporheic flow could have a positive effect on water quality by filtration 
and due to biogeochemical transformation of solutes similarly as for streams (Boulton et al., 1998; 
Mermillod-Blondin et al., 2000; Mermillod-Blondin et al., 2004; Vervier et al., 1993) or impair the 
water quality by releasing contaminants trapped in the sediments, for example dense non-aqueous 
liquids (DNAPLs) (Zhang et al., 2000; Zoumis et al., 2001). However, hyporheic flow in karst 
conduits has received little attention so far. Cardenas and Gooseff (2008) have evaluated the effect of a 
cover (e.g., an ice layer) on hyporheic exchange in streambed sediments using numerical simulations 
which has some similarities to karst conduits. They observed that the cover led to an increased but 
shallower hyporheic flux compared to open channels for an analogous bedform. They also 
hypothesized that the additional resistance due to the cover might lead to a decrease in bedform 
steepness and thus indirectly influence hyporheic exchange. Furthermore, the exchange processes 
between conduits and the matrix was simulated in a laboratory analogue study (Faulkner et al., 2009; 
Li et al., 2008). 
While in karst conduits, hyporheic exchange could be driven by the bedform topography similarly 
as in streambeds, the geometry of the karst conduits that directs the flow towards the sediment surface 
could play an important role, too. In the classical illustration of the karst genesis within carbonate rock 
(Ford and Ewers, 1978), discrete passages are preferentially developed following bedding planes and 
fractures both along and perpendicular to the dip of the stratum. These passages often evolve into 
siphon forms (Milanovic, 2007). In such structures, hyporheic flow might even occur in a flat 
sediment layer due to pressure gradients induced by the flow approaching the sediment surface at an 
angle and shear forces of water flowing along the sediment surface. Such a situation could for example 
occur in a siphon partly filled by sediments. Karst conduits are rich in clastic sediments of varied sizes, 
from clays and silts, to sands and gravels, and large to cobbles and boulders. Contaminants such as 
heavy metals (Vesper and White, 2003), and fecal bacteria (Pronk et al., 2006; Pronk et al., 2007) can 
become trapped in sediments and might be remobilized with suspended matter originating from 
sediment deposits.  
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The main aim of this study was to explore how conduit-constrained flow that approaches a 
sediment surface at an angle drives hyporheic exchange. The study included laboratory experiments 
and numerical simulations. In this study, the sediments were assumed to have a higher permeability 
than the surrounding rock matrix and hence exchange processes with the matrix were not taken into 
account (Loop and White, 2001). The laboratory system had a shape that grossly resembled a common 
element of a karst conduit.  In the laboratory system, the effects of two different conduit curvatures 
and different flow velocities on hyporheic exchange were explored. Hyporheic exchange was 
visualized and quantified by injecting a small volume of a fluorescent tracer in the sediment and 
recording the tracer flow pattern with a video camera and the breakthrough curve with a fluorescence 
spectrometer. Numerical modeling was used to evaluate flow paths in more detail and to gain an 
additional understanding of the mechanisms controlling flow and transport processes.  
3.2 METHODS 
3.2.1 Experimental setup 
A laboratory analog model was chosen to investigate the interaction of flow and solute transport 
between conduit and sediments in detail. The conduit consisted of glass tubes with a total length of 
about 0.9 m, internal diameter of 2 cm, and a horizontal central part for packing sediments (Fig. 3.1). 
The photo of the experimental setup is shown in Appendix a, Fig. A1. Two systems were constructed 
with tubes attached at an angle of 15° (denoted as 15D) with a curvature of 0.04 (ratio of the tube 
radius to curve radius) and 45° (denoted as 45D) with a curvature of 0.1, respectively. These 
dimensions were chosen by scaling down typical siphon conduits (Milanovic, 2007), and  to ensure 
that the system is compatible with flow rates feasible in a laboratory setting and with the available 
parts for controlling flow and measuring tracer concentrations. 
 
Fig. 3.1  Schematic diagram of experimental apparatus for streamline tracing and sediment 
tracer tests  
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A water tank with a constant head of 25 cm above the tube inlet fed the tube entering from a 
trumpet mouth entrance (Fig. 3.1). The water entering the tank was degassed by passing through a 
membrane module under vacuum to avoid bubble formation in the system that would disturb the 
online tracer analysis. At the outflow of the tube, a Sika induQ magnetic-inductive flow meter (Sika, 
Germany) was attached (accuracy: 1% of reading), followed by a LVN (Locker Valve Needle) valve 
(SMC, Japan) to control the flow. A fraction of the outflowing water was pumped at a constant rate 
(85 ml/min) through a fluorescence spectrometer. 
The sediment consisted of glass beads of a diameter of 1 mm resulting in a stable packing even at 
larger flow rates, which was not the case when using smaller diameter beads.  During each run, the 
glass beads were added into the tube to a height of 1 cm prior to filling the tube with water. The tube 
was then shaken until a relatively planar surface was achieved while water was flowing at a low rate 
through the tube.  
3.2.2 Representativity of scale model 
For a scale model to be representative of the real system, it needs to fulfill the criteria of geometric 
and dynamic similarity (Chanson, 1999). A scale model is geometrically similar to the real system if 
all the linear length scales of the scale model are a fixed ratio of the corresponding length scales of the 
real system. Thus our laboratory siphon system of 90 cm length and 2 cm diameter corresponds for 
example to a structure of 45 m length with a diameter of 1 m which is in a realistic range (Ford and 
Williams, 2007; Milanovic, 2007). Dynamic similarity is ensured if the forces acting at corresponding 
locations on the scale model and real system are everywhere in the same ratio. For full-enclosed flow 
such as in the completely water filled conduits, dynamic similarity is achieved if the Reynolds number 
is the same for the scale model and reality. Therefore, experimental conditions are always 
characterized with the Reynolds number in this study. The Reynolds number is given by: 
    
   
 
              (Eq. 3.1) 
where     is the average flow velocity in conduit, H the conduit diameter and ν the kinematic 
viscosity. 
Given that the fluid is the same in the scale model and reality (same kinetic viscosity), the linear 
velocity in the real system with the larger diameter is lower than in the scale model for a given 
Reynolds number. The velocity ratio is indirectly proportional to the ratio of the length scales. Hence, 
the experiments presented in this study represent low flow conditions consistent with the assumption 
that the sediments remain static. Siphons are expected to remain fully saturated even under low flow 
conditions. To ensure the higher flow rate in the scale models despite the smaller diameter, the 
pressure gradient needs to be higher than in the real system. Accordingly, the flow rate in the porous 
medium of the scale model will be higher than in reality i.e. the scale model has to be considered to 
represent a situation where sediments have a high permeability. While the conditions of geometric and 
dynamic similarity are fulfilled, the scale model still represents real systems only in a simplified way 
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especially because the roughness of conduit walls and the heterogeneity of sediments are not taken 
into account. The detailed scaling analyses on different properties can be found in Appendix c.1-3.  
3.2.3 Tracer tests 
Reynolds experiments were carried out to characterize the flow regimes in the tube. In these 
experiments, a dye tracer was injected continuously and the wavering of the dye streak was observed 
(Tritton, 1988). Sulforodamine G was injected at a constant flow rate of 0.22 ml/min via a fine tube 
connected to a tracer reservoir (Fig. 3.1). The tracer pattern associated with different flow regimes are 
illustrated in Appendix a, Fig. A2. 
In order to probe the velocity field in the sediment, sediment-source tracer tests were conducted at 
different conduit flow rates covering laminar, transitional and turbulent flow regimes. A volume of 
110 μl Uranine solution 2 g/l was injected into the bottom of sediment via the injection port 2 in the 
horizontal section of the tube (Fig. 3.1). During each experiment, the tracer was injected under the 
same low flow rate corresponding to Re 200. The flow rate was then adjusted to the respective value of 
the experiment, corresponding to conduit Re of about 200–2000. A syringe with a blunt tip needle was 
used to ensure that the tracer distributed radially around the needle tip. Tracer tests were repeated three 
times at each flow rate.   
3.2.4 Mathematical description  
 Modeling approach  
The coupling of free and porous media flow has been the focus of intense research (Alazmi and 
Vafai, 2001; Gobin and Goyeau, 2008; Le Bars and Worster, 2006; Liu and Prosperetti, 2011; Neale 
and Nader, 1974; Saffman, 1971), much of which was oriented towards heat and mass transfer in 
industrial applications. Special attention was brought to the exchange boundary condition linking the 
two domains, with experimental studies pioneered by Beavers and Joseph (1967).  The conceptual and 
numerical approach can be divided into two main class, two domain approach and single domain 
approach. For details of the two approaches, the reader is referred to Gobin and Goyeau (2008) who 
provides an overview of the governing equations and range of application of the two approaches.  
In this study, the two-domain approach was chosen, which simulated fast conduit flow and slow 
sediment flow separately. Flow fields were coupled by assuming pressure continuity across the two 
domains. Hence, the zones of conduit flow and sediment flow were subject to a continuous pressure 
field. Whereas flow velocity across the sediment water interface (SWI) was discontinuous. In previous 
studies, this approach was successfully applied for the simulation of hyporheic flow driven by stream 
bedforms (Cardenas and Wilson, 2007b; Cardenas et al., 2008) and river morphology (Cardenas, 
2008). A non-slip boundary was assigned at the SWI. Compared to the criterion of Da < 10
-4
 (Da = 
k/h
2
, k is the permeability of underlying porous media, h is the height of flow column) for a negligible 
slip boundary condition (Jimenez-Islas et al., 1999; Lauriat and Prasad, 1987), the value of Da 
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calculated with the analog model is within the range of 10
-6–10-5, hence, no-slip boundary condition 
was justified to be valid. In addition, the slip boundary was also verified negligible in typical field 
scale of karst conduit aquifer (Li et al., 2012). 
 Governing equations  
 The water flow in the conduit is governed by the Navier–Stokes equations consisting of a 
momentum and a mass balance equation for the incompressible flow:  
 
  
                             (Eq. 3.2) 
                                                         (Eq. 3.3) 
where U the velocity vector, p is the fluid pressure, ρ is the fluid density, μ is the dynamic viscosity, t 
is time. The left hand-side of Eq. 3.2 corresponds to local acceleration and convective acceleration; 
and the right hand-side is a summation of the pressure and viscous forces.   
Flow in the porous media is described by Darcy’s equation.  
 
 
                                                   (Eq. 3.4) 
                                                        (Eq. 3.5) 
where k is the permeability of the porous medium, q is the Darcy velocity.  
 Solute transport is simulated by the advection–dispersion equation:  
  
  
   [        ]              (Eq. 3.6) 
where c is solute concentration, D is the mechanical dispersion coefficient tensor, De is the effective 
molecular diffusion which equals the molecular diffusion coefficient multiplied by the tortuosity 
(Zheng and Bennett, 2002). The dispersion coefficient tensor is defined as a symmetrical matrix 
according to the equations given by Burnett and Frind (1987).  
The chosen modeling approach is strictly only valid for laminar flow conditions, while in this 
study experiments were also conducted at transitional and turbulent flow. Nevertheless, the laminar 
flow approach is expected to provide insights into processes controlling hyporheic flow as a limiting 
case, similarly as in previous studies on streambeds (Cardenas and Wilson, 2007b).  
Parameters  
      The values of parameters prescribed in the model are listed in Table 3.1. The permeability k was 
manually calibrated at medium flow rate for both systems by comparing simulated and measured 
tracer data. The obtained value (1.4e–9 m2) is close to an experimentally determined value (1e–9 m2) 
for glass beads of the same diameter (   = 1 mm) with a porosity of 0.4 (Gioia et al., 2003).  
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Table 3.1  Parameter setup 
Parameter  Value  Unit  Notes  
Porosity    0.4  [-] Measurement 
Permeability  k  1.4e–9  m2  
Calibration  
Dispersion coefficient in conduit 1e–4  m2/s  Tracer test 
                    Dispersivity in 
sediments  
αL  3e–3   m   
Calibration 
 
αTH  3e–4  
αTV  3e–5   
Tracer concentration 
Initial volume  
1  
220  
g/l 
μl  
 
De  2.5e–10  m
2
/s  Calculation 
 
Dispersion in the conduit was characterized by carrying out pulse tracer test and fitting the 
observed breakthrough-curves (BTCs) with CXTFIT (Toride et al., 1995). The in-conduit impulse 
tracer tests were presented in detail in Appendix b.  Dispersion coefficients ranging from 1e–4 m2/s to 
1e–3 m2/s were obtained for flow velocities between 0.01 m/s and 0.1 m/s. Sensitivity tests showed 
that dispersion coefficients within range of 1e–5 m2/s to 1e–3 m2/s had no significant effect on the 
BTCs of sediment-source tracer tests. A value of 1e–4 m2/s was specified for all model runs. 
Dispersion coefficients in sediments were determined by calibration. Values for longitudinal 
dispersivity were varied within a range of values from 0.1 to 1 cm (Xu and Eckstein, 1997), which are 
typical for lab-scale experiments (Zheng and Bennett, 2002). Horizontal transverse dispersivity αTH 
was set to 1/10 of the αL (Cardenas et al., 2008; Fetter, 1993) and vertical transverse dispersitivy αTV to 
1/10 of αTH (Zheng and Bennett, 2002). The effective diffusion coefficient De was calculated by 
method of Othmer and Thakar (1953). Immediately after injection, the tracer volume expanded to 
approximately 220 µl as indicated by visual observation. Hence, a spheroid tracer volume of 220 µl 
with a concentration of 1 g/l was imposed as initial condition. The sensitivity tests of simulated BTC 
to main parameters were shown in Appendix a, Fig. A3 and Fig. A4. 
Numerical approach  
Three-dimensional simulation was necessary to describe the initial tracer distribution and the 
secondary flow in transverse direction of the conduit. A comparison between simulations of the full 
pipe and half sections with a vertical plane across the center of the tube as symmetrical boundary gave 
equivalent results. Therefore, the latter approach was chosen to reduce computation time. In the 
conduit flow domain, the walls of the tube and the SWI were specified as no-slip condition. At the 
conduit inlet a constant mean flow velocity was specified and at the conduits outlet a pressure of zero 
as the water exits to the atmosphere. Conduit flow and flow in the sediments were coupled by 
imposing the pressure field at the SWI from the conduit flow domain to the sediment flow domain. 
The walls of the tube in contact with the sediment were specified as no-flow boundaries.  
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The model was discretized using tetrahedral elements, with a mesh size of 2 mm for the conduit 
flow domain and 1 mm for the sediment domain. Boundary layers were meshed with four layers of 
prism elements, with a total thickness of about 0.27 mm along the conduit wall and SWI. The dense 
meshes better resolves the large velocity gradients across the SWI. The total meshing resulted in more 
than 200,000 elements. With this mesh, stable numerical solutions were obtained and mass balance 
errors remained below 0.2%.  
The numerical solutions for the sets of partial differential equations were obtained using nonlinear 
iterative solvers in COMSOL multi-physics, which is widely used to resolve flow related issues 
(Cardenas and Wilson, 2006; Cardenas and Wilson, 2007b; Cardenas et al., 2008; Joodi et al., 2010; 
Karwan and Saiers, 2012; Shavit et al., 2004). The implicit backward differential formulas (BDF) 
were used as time dependent solver, which give less oscillation. 
3.3 RESULTS AND DISCUSSION 
3.3.1 Flow regimes and tracer test results 
By observation of tracer movement, flow rates at which the flow regime changes were determined 
both upstream and downstream of the sediments and converted to Reynolds number Re representing 
flow dynamics. Laminar flow was identified by the presence of continuous streamlines parallel to the 
conduit wall, transitional flow by the onset of a wavering motion of the tracer filament, and turbulent 
flow by the loss of distinct tracer filaments (Appendix a, Fig. A2).  In the 45D system (downstream), 
the transition from laminar to transitional flow occurs at Re = 380 and from transitional to turbulent 
flow at Re = 980 (Table 3.2).  In the 15D system, the change in the flow regime takes place at higher 
values, Re = 590 and Re = 1090, respectively. For both systems, critical Re numbers are smaller 
downstream from the sediments than upstream. The critical Re numbers are lower than values 
previously observed for curved tube (1300 for H = 1.7 cm (Eustice, 1911)) or straight tubes (1700– 
2300, (Avila et al., 2011)). Our results demonstrate that a larger conduit curvature and the presence of 
sediments favor the onset of turbulent flow.  
Table 3.2  Critical Reynolds number 
 
 Critical value 
laminar to 
transitional flow 
[-] 
Critical values 
transitional to 
turbulent flow 
[-] 
45D Downstream 380 980 
Upstream 590 1460 
15D Downstream 590 1090 
Upstream 880 1470 
Tracer patterns from the sediment-source tracer test are illustrated for the 15D system at 
transitional flow (Re = 1000) as an example (Fig. 3.2, left column). The tracer plume is moving 
downstream horizontally after injection. It elongates and deforms with the upper part travelling faster 
                                   3 Experimental investigation of hyporheic flow in conduit-sediment system 
 
                                                                                                                                                          37 
 
than the lower part. Before reaching the downstream end of the sediments, the tracer plume stagnates, 
enlarges laterally (not visible in Fig. 3.2) and depletes. The point where the tracer plume stagnates is 
located further upstream at higher flow rate.  
 
Fig. 3.2  Tracer pattern in 15D system. Left: time-lapse snapshot, right: simulation of solute 
concentration at a conduit Reynolds  number of 1000 
Breakthrough curves (BTCs) of the sediment-source tracer tests are presented in Fig. 3.3a. The 
mean travel time (MTT) and variance of the travel time (σ2) is summarized for all experiments in Fig. 
3.4.  The time is non-dimensionalised by dividing it by the time required to renew the conduit volume.  
The concentration is normalized by dividing it by the injected tracer mass. The information on flow 
conditions of the tracer tests is presented in Appendix a, Table A1. The BTCs are smoother at low and 
high flow rates than at intermediate flow rates. The higher the conduit flow rate, the faster solutes are 
transported from sediments back into the conduit (Fig. 3.3a and Fig. 3.4). Furthermore, at high flow 
rates the BTCs are steeper and the peak concentrations are higher than at low flow rates (Fig. 3.3a). 
The MTT and σ2 is generally higher for 15D system than for the 45D. The effect is particularly large at 
low flow conditions, e.g., with a MTT twice as long for the 15D system and a peak concentration half 
as high at Re = 200, but vanished at high Re. The factors contributing to these trends will be further 
explored in Sections 3.3.4 and 3.3.5 using the numerical model. 
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Fig. 3.3  Experimental (a) and simulated (b) breakthrough curves of sediment -source tracer 
tests   
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Fig. 3.4  Relationship of mean travel time and variance with Conduit Reynolds (Re) number 
3.3.2 Numerical simulation  
The simulated tracer plume is shown in Fig. 3.2 right column for transitional flow (Re = 1000) in 
the 15D system. The simulation captures well the main features of the tracer migration, especially the 
observation that the tracer plume stagnates and depletes before reaching the downstream end of the 
sediments. This is confirmed by the generally good agreement between measured (Fig. 3.3a) and 
simulated (Fig. 3.3b) BTCs. To evaluate the model efficiency in more detail, the Nash–Sutcliffe 
efficiency (NSE) (Xu and Eckstein, 1997) were quantified (Table 3.3). The NSE ranges from –∞ to 1, 
whereby a value of 1 indicates a perfect model fit. The NSE values varied between 0.74 and 0.95 
confirming a good model fit, except for experiments in the 15D system at very low (Re = 202) or very 
high low rates (Re = 1994), where values of 0.13 and 0.31, respectively were obtained. The generally 
good agreement between measured and modeled BTCs, and the good match between observed and 
modeled tracer patterns indicates that the model captures the main features of the flow patterns in the 
sediments well. Therefore, the model results are used to evaluate the driving force of hyporheic flow, 
the flow field and the hyporheic exchange flux in more details.   
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Table 3.3  Evaluation on mean travel time and model efficiency 
 Re MTT_exp 
[-] 
MTT_sim 
[-] 
NSE 
 194 136 123 0.95 
  397 76 83 0.94 
 601 59 65 0.74 
45D 993 50 48 0.74 
 1589 38 37 0.78 
 1995 31 34 0.84 
     
 202 266 177 0.13 
 390 140 114 0.88 
 602 98 92 0.86 
15D 997 79 70 0.95 
 1592 48 47 0.85 
 1994 34 42 0.31 
3.3.3 Pressure distribution 
Pressure gradients are the driving force for exchange processes between the free flow and 
sediment domain (Janssen et al., 2012). Fig. 3.5 illustrates the simulated pressure distribution in the 
water-sediment system under varied conduit Re for the 45D system. The pressure decreases from 
upstream to downstream, which exerts a distinct strong pressure gradient along the SWI at the 
upstream bend. Near the downstream region, a higher pressure zone appears at the outer wall of the 
tube, which intensifies with increasing flow rate (Fig. 3.5). The high pressure zone originates from the 
direction of flow towards the outer wall in the downsteam bend. The higher pressure zone leads to a 
reverse pressure gradient in longitudinal direction in the downstream part of the SWI, which drives the 
reverse flow in this part of the sediment. In addition, it creates a pressure gradient in transverse 
direction across the tube from outer to inner wall. The transverse pressure gradient leads to a 
secondary flow motion in the conduits in the form of two counter-rotating cells, known as Dean’s flow 
(Appendix a, Fig. A5 and Fig. A6), as confirmed by tracer tests (Appendix a, Fig. A2d). Due to the 
secondary flow, tracer filaments originating from the sediments migrate downstream in spiral form 
(Appendix a, Fig. A2d), which could lead to the fluctuating concentrations at the outlet. 
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Fig. 3.5  Pressure distribution at different conduit Reynolds number  
3.3.4 Flow fields in sediment 
Flow fields are of key interest as they control the residence time distribution (RTD) of solute in 
sediments. To illustrate the effect of conduit hydraulics on the transport process in conduit and 
sediment, the flow fields at laminar, transitional and turbulent regimes are presented in Fig. 3.6 for the 
two systems. The conduit flow velocity exhibits a parabolic profile, with velocities several orders of 
magnitude higher than in the porous media (Appendix a, Fig. A5). Independent of the flow rate, a zone 
with forward and a zone with reverse flow can be observed (Fig. 3.6) consistent with the results of the 
tracer tests (Fig. 3.2). The reverse flow zone extends further upstream with increasing conduit Re due 
to the intensified reverse pressure gradient (see Section 3.3.3). Within the zone of forward flow, the 
velocity fields vary as function of flow rate. At a low flow rate, the flow lines are nearly horizontal 
between the zones where flow enters and exits from the sediments. At higher flow rate, a pronounced 
upward flow component appears earlier and flow exits already before reaching the point of flow 
separation.  
 
Fig. 3.6  Simulated streamlines and velocity magnitude, Left: 45D system; Right: 15D 
system 
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In order to explore the velocity field in more detail and relate it to the results of the sediment-
source tracer test, the flow velocity at the depth where the center of mass of the tracer initially 
occurred is illustrated in Fig. 3.7. Independent of the angle of the system, the velocity magnitude is 
larger at higher Re consistent with the faster flushing out of the tracer at higher Re (Fig. 3.4). 
Considering the zone of forward flow and comparing the two conduit angles for a given Re, a 
particularly large difference in the velocity magnitude can be observed at around -4 cm. For smaller Re 
(200, 1000), a higher velocity magnitude for the steeper conduits angle is still observable at the tracer 
injection point (x = 0 cm) consistent with the faster flushing of the tracer in the D45 compared to the 
D15 system. However, at Re = 2000, the two velocity profiles converge at around x = -2 cm in 
agreement with similar MTT in the tracer test for both conduit angles (Fig. 3.4). Considering the 
section with reverse flow, for all Re, the velocity magnitude is much larger for 45D compared to 15D. 
Hence, a steeper conduit angle mainly induces a stronger flushing of the sediment close to the bends 
but has less (low Re) or no (high Re) effect in the central part of the sediment.  
 
Fig. 3.7  Simulated velocity magnitude along profile AA’ (marked in Fig. 6. )  in sediment at  
different conduit Reynolds numbers   
3.3.5 Hyporheic exchange flux 
Finally, the effect of flow rate and conduit angle on the overall hyporheic exchange flux is 
explored. The exchange flux is obtained by integrating the normal flux across the SWI, dividing it by 
two as the in and out flux is equal. The obtained value is non-dimensionalised by dividing it by the 
conduit flux. For both conduit angles, the dimensionless exchange flux linearly increases with Re (Fig. 
3.8). Previous studies on hyporheic flow induced by a triangular bedforms also observed a nearly 
linear increase with Re (Cardenas and Wilson, 2007a; Cardenas and Wilson, 2007b). The exchange 
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flux is higher for the steeper conduits angle due to the more intense flushing close to the two bends. 
For the steeper conduit, as much as 2% of the conduits flux transits through the sediment.  
The hyporheic exchange in karst conduit has some implications on the interpretation of field tracer 
tests. Exchange between fast flow in conduit and slow flow in sediment could contribute to the long 
tailing of BTCs from in-conduit tracer tests (Field and Pinsky, 2000; Goppert and Goldscheider, 2008). 
However, in karst conduits, tailing can also occur during passage of tracers through pools as shown 
with laboratory analog models and computational fluid dynamics calculations by Hauns et al. (2001). 
 
Fig. 3.8  Simulated exchange flux under varied conduit Reynolds number  
3.4 SUMMARY AND CONCLUSIONS  
The study demonstrates that in a sediment-filled bent conduit, strong hyporheic flow can be 
induced even for a flat sediment surface. Similarly as for hyporheic flow caused by irregular bedforms, 
zones with forward and reverse flow occur. Reverse flow originates from reverse pressure gradients 
caused by the downstream conduit bend. The general features of the flow field and the results from 
sediment-source tracer tests are reproduced fairly well with a two-domain numerical model with 
pressure continuity across the SWI. Based on the model, it is expected that the overall hyporheic flux 
increases with Re and is higher for a steeper conduit angle. However, a detailed analysis of the flow 
field indicates that the flushing intensity does not increase evenly throughout the sediments. Stronger 
flushing mainly occurs closer to the bends at high flow rate and steep conduit angle. In real systems, 
flow patterns in sediments are expected to be more complex due to the heterogeneity of karst 
sediments and more complex conduit geometries. The hyporheic flow through karst sediments could 
have a manifold influence on the fate of contaminants in karst system and biogeochemical processes in 
sediments. Contaminants travelling along conduits might become trapped, especially particle bound 
contaminants or microbial contaminants; soluble contaminants present in sediments such as 
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chlorinated hydrocarbon in form of DNAPLS might be released from sediments; or microbial 
processes might become enhanced by an input of dissolved organic matters into sediments.  
While this study clearly highlights the potential for hyporheic flow in karst sediments, further 
studies are required to evaluate this phenomenon under different experimental conditions. The 
experimental conditions chosen in this study represent hyporheic flow through very permeable 
sediments under low flow conditions when sediments remain stable. In further studies, the effect of 
higher flow velocities, when sediments might become mobile, variable sediment permeabilities, 
different conduit geometries and different wall roughness should be addressed.  
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Chapter 4 
Effect of sediment properties on hyporheic 
exchange 
 
 
ABSTRACT   
It is generally accepted by the scientific community that hyporheic flow plays an important role in 
surface and subsurface interactions. There have been numerous studies dedicated to hyporheic flow in 
surface water bodies due to its significance for benthic ecological system. In contrast, hyporheic 
exchange in karst conduits has received little attention so far despite its potential importance for the 
fate of contaminants. In Chapter 3, hyporheic exchange in a karst conduit-sediment system was 
investigated using a laboratory analog model for different flow conditions and conduit angles. In this 
chapter influence of sediment characteristics on hyporheic exchange was studied, and compared to the 
effect of other factors. Three different sediment materials were used with different gain size and shape. 
Sediment-source tracer tests were carried out to probe the flow field in the sediments. Numerical 
simulations were employed to explore hyporheic exchange in more detail. For all sediments, a zone of 
forward and reverse flow occurred in the sediments as indicated by the tracer tests and numerical 
simulations. The mean travel time (MTT) and variance (σ2) of the injected tracer plume increased with 
the decrease of sediment grain size/permeability. The simulated flow patterns in the sediment were 
independent of sediment properties, while the magnitude of flow increased with increasing 
permeability. In comparison to the sediment permeability, the conduit flow rate and conduit angle had 
a weaker influence on the hyporheic exchange rate. In summary, the study demonstrates that the 
magnitude of hyporheic exchange strongly depends on sediment characteristics. 
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4.1 INTRODUCTION 
Hyporheic exchange in streambed sediments has been widely investigated since several decades 
due to its significant role on benthic ecology and water chemistry (Cardenas and Wilson, 2007; 
Hancock et al., 2005). Although the hyporheic exchange in karst settings has received little attention 
so far (Koski and Wilson, 2009), some field studies suggest that it could have an effect on nutrients 
cycling (He et al., 2010), karst groundwater ecology (Gunn et al., 2000) and self-purification in karst 
aquifers (Iker et al., 2010; Morasch, 2013; Wilhartitz et al., 2009). Hence, karst hyporheic exchange is 
a fundamental process that needs to be explored for a better understanding of the occurrence and 
attenuation of contaminants in karst aquifer. 
The large amount of clastic sediments present in karst conduit has been recognized to have 
intimate relationship with the fate of contaminants in karst aquifer (Herman et al., 2012; Schroeder 
and Ford, 1983). Sediments are transported to their place of deposition by means of sinking streams, 
soil wash-down from the epikarst, and residual insoluble material from the dissolution of limestone. In 
the karst developed in old carbonate rock, clastic sediments usually form a permeable medium 
encapsulated by the impermeable limestone matrix. Using a scaled model, karst hyporheic flow has 
been confirmed to occur in a closed karst conduit by hydraulic coupling between the conduit flow and 
sediment domains (Chapter 3). The pressure field caused by the flowing fluid along the 
sediment/water interface (SWI) was identified to drive fluid flow from the conduit into sediment. 
Conduit geometry/angle was shown to play a role in the hyporheic flow exchange and transport of 
sediment-born solutes.   
Sediment properties are one of the key factors that determining the hyporheic exchange rate in 
streambeds, in addition to the flow rate (Elliott and Brooks, 1997a; Elliott and Brooks, 1997b; Eylers 
et al., 1995; Marion et al., 2002; Marion et al., 2003; Nagaoka and Ohgaki, 1990; Packman et al., 
2004). While the effect of the conduit flow rate and conduit angle on hyporheic exchange have been 
investigated in the previous chapter, the following chapter is devoted to the effect of sediment 
properties on karst hyporheic flow in conduits. Sediment-source tracer tests and numerical modeling 
for sediments representing different grain size and material were carried out. In addition, the overall 
hyporheic exchange flux under varied flow rates for different sediments and conduit angle was 
calculated. Based on these studies, the relative roles of conduit flow, sediment properties and conduit 
angle on the exchange flux will be evaluated.  
4.2 METHODS 
4.2.1 Experimental setup and material 
The experimental setup and procedures were same as presented in Chapter 3, except for the 
sediment material. In order to investigate the role of sediments on hyporheic exchange and solute 
transport, three types of sediments with different grain size and material were used, including coarse (1 
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mm) glass beads, fine (0.45 mm) glass beads and quartz sand (0.4–0.7 mm) (Table 4.1). The coarse 
glass beads correspond to the material used in experiments presented Chapter 3.  
 Table 4.1  Information on sediments and simulated exchange flux  
 Diameter  
ɸ (mm) 
Permeability  
      k (m
2
) 
Porosity 
  ɛ 
Exchange flux  
qint [-] 
Coarse glass beads 1 1.4e–9 0.4 0.24–2% 
Medium Quartz sand 0.4–0.7 4e–10 0.38 0.06–0.4% 
Fine glass beads 0.4 1.6e–10 0.39 0.02–0.18% 
4.2.2 Tracer experiments and numerical simulation 
In order to characterize and compare the flow fields and solute transport among different 
sediments, the sediment-source tracer tests were performed in the same manner as for the coarse beads 
(Chapter 3) by injecting a tracer solution into the bottom of the sediment via the central port 2 under 
different conduit flow rates. Conduit flow ranged from Re = 200 to Re = 1600 (Appendix a, Table A1) 
to ensure sediment stability. Similarly, the experimental processes were reproduced by numerical 
simulations, based on which the parameters such as sediment permeability and dispersivity were 
calibrated (Table 4.1). For all types of sediment, dispersivities in sediment were set as αTV = 1/10αTH = 
1/100αL = 3e–5 m. The modeling approach (calibration/validation) implemented for fine beads and 
medium quartz sand were the same as for the coarse beads (Chapter 3). While the sediment-source 
tracer tests provide insight into the flow field in the sediments, they do not represent the whole flow 
paths as the tracer was injected in the central part of the sediment pack (Fig. 3.1 in Chapter 3). Due to 
the small sediment volume (5.8% of the whole system), continuous tracer injection from the upstream 
inlet for quantifying the overall exchange flux is not feasible as implemented in surface hyporheic 
study (Elliott and Brooks, 1997a). Therefore, such tracer tests were carried out numerically by 
prescribing a constant concentration boundary (2 g/l, 2.66 mol/m
3
) at the inlet of the conduit for 
simulations.   
4.3 RESULTS 
4.3.1 Tracer tests 
 Breakthrough curves (BTCs) observed at the outlet under flow representing conduit Re = 200, 
1000, 1600 for each type of sediment in both the 15D and 45D system are shown in Fig. 4.1. The 
concentration was normalized by dividing it by the injected tracer mass. The shapes of BTCs were 
influenced by conduit flow rates and sediment properties. At higher conduits flow rates, the tracer 
breakthrough occurred earlier and was characterized by a sharper peak. Under the same conduit flow 
conditions, the tracer appeared earliest in coarse glass beads, followed by medium sand, and finally the 
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fine glass beads, indicating longer travel times with the decrease of grain size as expected. The peak 
concentration increased about 2–4 times from low (Re = 200) to high (Re = 1600) flow, and was 3–5 
times higher in coarse beads than in fine beads. All tracer BTCs show faster transport and higher peak 
concentration in the 45D than the 15D system. The mean travel time (MTT) and variance of the travel 
time distribution (σ2) were plotted as function of conduit Reynolds number for comparison among 
different sediments as shown in Fig. 4.2. At equal flow rate, dispersion in conduit is assumed to be the 
same among different sediments. Hence, the variance σ2 mainly indicates dispersion of tracer plume 
traveling downstream among different sediments. Both the MTT and variance σ2 decreased with the 
increase of conduit flow rate and sediment grain size/permeability. Independent of sediment materials, 
the MTT and σ2 in both systems showed a trend to converge with increasing conduit Re. Additionally, 
a longer mean travel time and stronger dispersion of tracer plume occurred in the 15D than 45D 
system irrespective of sediment grains and conduit flow condition. 
 
Fig. 4.1  Breakthrough curves for tracer tests in systems with 15 degree (15D) and 45 
degree (45D) angles for different sediments and different flow conditions expressed as 
Reynolds number (Re). S1-Coarse glass beads; S2-Medium quartz sand; S3-Fine glass beads. 
(a1)(a2) conduit Re = 200, (b) Re = 1000, (c) Re = 1600  
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Fig. 4.2 Mean travel time and variance (σ2) for different sediment at varied conduit 
Reynolds (Re) number . 
As pointed out above, the hyporheic flow is dependent on the conduit flow rate, sediment 
properties, and conduit angle. However, these factors interact with each other. The ratios of MTT 
between 15D and 45D system were plotted as a function of conduit Re (Fig. 4.3), as a means to 
evaluate the relation of these controlling factors. A nearly linear relationship between the ratio and 
conduit Re was observed for larger grain size (coarse glass beads and medium quartz sand). In contrast, 
the ratio for fine beads shows no significant dependence on conduit Re. This indicates that the 
influence of the conduit angle on MTT depends on both the conduit flow rate and sediment grain 
size/permeability. For more permeable sediments, the conduit angle has a stronger effect on the MTT 
i.e. the flow velocity in the sediments.    
 
Fig. 4.3  The ratio of MTT between the two systems (15D/45D) at corresponding conduit 
Reynolds (Re) number.  
4.3.2 Numerical tracer test 
Additional numerical experiments were conducted to evaluate the overall exchange flux between 
conduit flow and sediment. The time-dependent images of tracer penetrating from a continuous source 
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at the inlet into different sediment at a conduit Re = 1000 in 45D system are shown in Fig. 4.4. The 
tracer penetrated the sediment not only at the upstream side but also at the downstream end. The tracer 
fronts were steadily advancing from both the two bend sides towards the flow dividing point, and 
eventually filled the whole sediment domain. The speed of penetration was faster for coarse beads than 
for sand and fine beads, reflecting the influence of permeability on flow velocity in sediment. Previous 
analyses of the flow fields (see Section 3.3.4 in Chapter 3) revealed a forward and reverse flow pattern 
in sediment, resulting from the reverse pressure gradient along the SWI. This explains why the tracer 
penetrated from both sides of the sediments. The downstream bend contributes to a backward flow 
motion in sediment, leading to an enhanced overall flow exchange between conduit and sediment.  
  
Fig. 4.4  Numerical tracer tests with inlet constant concentration for different sediments. a) 
Coarse beads, b) Medium sand c) Fine beads  
To examine the temporal dynamics of the exchange flux in more detail, the time-dependent 
intruded mass is plotted. The intruded mass was normalized by dividing with final mass when tracer 
solution has filled the entire pore space of the sediments (Fig. 4.5). The time required to penetrate into 
the fine grain sediments was about 10 times longer than for the coarse grains. The turnover time scale 
of flow through sediments will influence sequestration and residence of contaminants in karst conduit 
aquifer. 
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Fig. 4.5  Simulated time-dependent sequestered mass of solute in different sediment at 
conduit Re = 1000 in 45D and 15D system. 
The exchange flux was shown above to vary among different sediments. In the following, flow 
patterns were simulated to investigate their dependence on sediment properties and conduit flow rate. 
Simulations of flow fields among different sediments are shown in Fig. 4.6. The flow pattern and 
especially the size of the zone of forward and reverse flow was similar for different sediments while 
magnitude of flow varied among sediments. Taking simulations at a conduit Re = 1000 for example, 
velocity magnitudes at a depth z = –0.5 cm in the sediment ranged (as velocity fields were quite non-
uniform) from 1e
-4
 to 8e
-4
 m/s for coarse beads, 2.5e
-5
 to 2e
-4
 m/s for medium sand, and 1e
-5
 to 8e
-5
 m/s 
for fine beads. Both the sediment-source tracer tests and numerical simulations show that the length of 
the reverse flow zone changed as a function of conduit flow rate and conduit angle independent of 
sediment grain size/permeability. The same conduit flow and conduit angle led to the same pressure 
gradient along the SWI, resulting in the same flow patterns among different sediments. Flow velocities 
in sediments varied due to different sediment permeabilities, leading to different time scales of 
exchange flux.   
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Fig. 4.6  Illustration of the same flow pattern in sediment independent of sediment 
permeability, taking the simulated flow fields at a conduit Reynolds number of 1000 for both 
conduit angles as an example.  
4.3.3 Exchange rate 
To evaluate the relative importance of conduit flow, sediment permeability and conduit angle on 
the exchange rate, relationships of the exchange flux and these factors were analyzed by numerical 
simulations. The dimensionless exchange flux qint along the SWI corresponding to the ratio of flow 
passing through the sediment versus total flow through the conduits were calculated from numerical 
simulations (Table 4.1). The exchange flux ranged from low 0.02% (at conduit Re = 200) in fine beads 
to high 2% in coarse beads (at conduit Re = 2000). 
 
Fig. 4.7  Exchange flux as a function of conduit Re  for different sediment  
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The relationships between the exchange flux and conduit Re for different sediments and both 
angles are shown in Fig. 4.7, which are all linear as found in the previous study for coarse beads. 
Independent of the sediment material, the exchange flux increases with the conduit flow rate and is 
higher in 45D than in 15D. Sediments of a higher permeability have larger qint than less permeable 
material. The statistical analysis (Packman and Salehin, 2003) of experimental studies for hyporheic 
exchange in streambeds (Elliott and Brooks, 1997a; Eylers et al., 1995; Marion et al., 2002; Nagaoka 
and Ohgaki, 1990; Packman et al., 2004; Packman and Brooks, 2001) indicated that the exchange flux 
scaled with the square of Reynolds number (3000-80,000) irrespective of grain size and bedforms. 
Results of this study showed however that qint varies linearly with Re. The different relationship might 
be caused by the different Re range and by the constrain flow in a saturated conduit. At low Re, the 
relationship might also be approximately linear for streambed studies. 
Calculations of the increased exchange fluxes in response to the increased permeability, conduit 
Re and conduit angle showed the following relationships:                 –             , 
               –              ,                –             , where       is the 
change in exchange flux,       ),          ,         is the relative change of each factor. The 
values of proportionality from these relationships suggest that under the experimental flow conditions, 
sediment permeability has the strongest effect on the exchange flux. Influences of conduit flow 
velocity and conduit angle are less strong than sediment permeability.   
4.3.4 Flow-regime dependent BTC fluctuation   
Though not the main objective of the study, the BTC concentration fluctuations are discussed as it 
might be indicator of dispersive behaviors within the conduit and sediment system. Concentration 
variations, particularly at BTC peaks, were observed in tracer tests under medium flow rates (Fig. 
4.8a), for which artifacts from measurement can be excluded. The BTC was in contrast smoother 
under low conduit flow (Fig. 4.8b). Concentration noise was calculated to evaluate the amplitude of 
variation using discrete Fourier transformation (DFT), which converts the time domain signal (the 
monitored BTCs) to the frequency domain. A low-pass filter was used to separate low-frequency 
signals from higher frequency noise. The noise of BTCs in different sediments at varying conduit flow 
rates are presented in Fig. 4.9. The noise generally increased with conduit flow rate (except for very 
high flow in coarse beads) and was higher in the 45D than 15D system. It was particularly high for 
coarse grain sediment at medium flow rate. A combining effect of conduit flow velocity and conduit 
angle on dispersive and mixing behavior was assumed to cause the fluctuations. 
4 Effect of sediment properties on hyporheic exchange 
 
56 
 
 
Fig. 4.8  Observed BTCs. Left a): conduit Re 1000; Right b): conduit Re200  
 
Fig. 4.9  Concentration noise of BTCs for different sediment at varied conduit flow 
calculated by DFT processing.  
Conduit flow velocity affects dispersion when passing through curved bends. The parabolic 
velocity profile at low laminar flow regime favors apparent dispersion and mixing of solutes in 
conduit. However, as conduit flow velocity increases, secondary flow motion induced by centrifugal 
force tends to enhance transverse mixing and hence reduces the longitudinal dispersion (Erdogan, 
1967; Jarrahi et al., 2011; Marion and Zaramella, 2006; McConalogue, 1970; Zhao and Bau, 2007), 
which is likely to lead to the concentration fluctuations of BTCs. Numerical simulations of flow field 
show clearly an enhanced secondary flow developing with conduit Re (Appendix a, Fig. A7). The 
secondary flow could also be observed to appear as spirals along the tube wall at conduit bend under 
medium flow during experiments, which proved less longitudinal mixing in conduit. Concentration 
fluctuations tends to reduce after the onset of turbulent flow (Re>1000), which might be attributed to 
turbulent mixing. However, the trend is sediment dependent, which is the case for coarse grains, not 
for medium and fine grains. While the mechanisms proposed could explain the experimental 
observations, influences of conduit flow velocity, conduit angle and sediment permeability on the 
BTC fluctuations still need further investigations.  
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4.4 SUMMARY AND CONCLUSIONS 
The effect of sediment properties on hyporheic exchange was investigated by a laboratory analog 
model and numerical simulations. The relative roles of conduit flow, sediment permeability and 
conduit angle on the hyporheic exchange rate was evaluated by numerical tracer tests. Results of 
sediment-source tracer tests showed that both the MTT and variance σ2 decreased with the increase of 
conduit flow rate and sediment grain size/permeability, and were smaller for the steeper conduit angle. 
Results of numerical tracer tests showed that flow patterns characterized by zones of forward and 
reverse flow were identical for the same conduit geometry and flow rate independent of sediment 
permeability. The same flow patterns were caused by the same pressure distribution along the SWI 
which depends only on the conduit geometry and flow rate. However, the magnitude of flow in the 
sediment was determined by sediment permeability for the same conduit flow and geometry. Based on 
the relationships established between exchange flux qint and different controlling factors by numerical 
modeling, sediment permeability was identified to have the strongest influence on the exchange rate.  
The study demonstrated that sediment properties had strong influence on the hyporheic exchange. 
Hence, hydrogeological condition (sediment properties) needs to be taken into account as well as flow 
condition for evaluating the effect of hyporheic flow on the fate of contaminants in karst aquifer. Less 
permeable sediment needs longer time to renew flow in the sediment, while it might provide more 
efficient contacting time for reaction processes.  
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Chapter 5 
Experimental investigation of DNAPL 
dissolution  
 
 
ABSTRACT 
Organic contaminants in form of DNAPLs (Dense Non-aqueous Phase Liquids) constitute a long 
term contaminant source that can threaten the groundwater quality of karst aquifers. DNAPLs are 
likely entrapped in karst conduit sediment as pools due to the karst features and properties of DNAPLs. 
The lifetime of a DNAPL pool in karst conduits depends on the rate of water flow through the 
sediment. In this chapter, DNAPL dissolution facilitated by hyporheic exchange between conduit and 
sediment was investigated. Influences of conduit flow and conduit geometry/angle on the mass 
transfer rate were evaluated. A well-defined DNAPL pool was created in the same laboratory analog 
setup as used in the previous chapters to quantify the mass transfer rate of DNAPL compounds to the 
aqueous phase. The mass transfer processes and rates were compared to a reference scenario 
consisting of a DNAPL pool in a semi-infinite porous media that is well documented in the literature. 
Results showed that the mass transfer coefficient km increased with conduit flow rate and was higher 
for the steeper conduit angle. The relationship between the mass transfer coefficient km and the average 
groundwater flow velocity in the sediment was linear in both the experiments and the numerical model. 
However, the observed and model km for the sediments in the conduit was higher than the one 
calculated with an analytical expression for the semi-infinite porous media. Then higher km was likely 
caused by the hyporheic flow pattern which moved solute away from DNAPL surface. The conduit 
angle had an effect on km by influencing the average flow velocity in the sediment. Sensitivity analyses 
showed that the sediment permeability had the strongest influence on km. The study highlighted that 
higher mass transfer of DNAPL pool dissolution could occur in karst conduit sediment than in the 
semi-infinite porous medium due to the characteristics of hyporheic flow. Hence, a shorter lifetime of 
DNAPLs in karst conduit aquifer is to be expected.  
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5.1 INTRODUCTION 
Dense Non-aqueous Phase Liquids (DNAPLs), especially chlorinated solvents, are among the 
most common groundwater organic contaminants. In karst research, a need for improved conceptual 
models for DNAPL behavior in karst aquifers has been recognized (White, 2002). Several studies have 
reported DNAPL contamination in karst aquifers (Crawford and Ulmer, 1994; Han and Wang, 2004; 
Jancin and Ebaugh, 2002; Mahler and Massei, 2007; Zhang et al., 2011). These studies show that it is 
difficult to locate DNAPLs in karst systems due to the heterogeneity of the aquifer. DNAPL-migration 
pathways and the DNAPL distribution in karst aquifer cannot be mapped routinely (Ewers et al., 2005). 
Hence in many cases it will not be possible to implement remediation methods. Then the question 
arises how long DNAPLs present in karst aquifers will contaminate a spring. In order to answer this 
question it needs to be known what controls the rate of DNAPL dissolution.  
Interphase mass transfer limitations during DNAPL dissolution have a strong influence on the 
persistence of DNAPLs in the subsurface (Dickson and Thomson, 2003). The dissolution and mass 
transfer rate have been extensively investigated for DNAPL ganglia and pools in porous environment 
using laboratory experiments and numerical simulations (Anderson et al., 1992a; Anderson et al., 
1992b; Chrysikopoulos, 1995; Chrysikopoulos et al., 2000; Imhoff et al., 1998; Johnson and Pankow, 
1992; Kim and Chrysikopoulos, 1999; Miller et al., 1990; Powers et al., 1992; Powers et al., 1991). 
These studies show that the dissolution rate depends on source morphology. In a spill morphology that 
involves zones of residual saturation and pools, it will generally take substantially longer to dissolve 
pools than the mass present as residual saturation (Anderson et al., 1992b). As DNAPL pool surfaces 
are usually aligning parallel to the groundwater flow direction, mass transfer from the DNAPL pool to 
the water is slow leading to long-lasting groundwater contamination. While DNAPL dissolution 
processes are well understood for granular porous media, there is a lack of understanding of DNAPL 
dissolution processes in karst settings.  
Conceptual models of DNAPL behavior in karst aquifer were presented in Chapter 1 (e.g. Fig.1.1 
in Chapter 1). DNAPLs can enter karst aquifers via sinking streams and sinkholes or penetrate through 
regolith and rock interfaces. Accumulation of DNAPL in conduits is expected to be common as they 
constitute preferential pathways of DNAPL migration and particularly problematic since most water 
transits through conduits (Loop and White, 2001; Wolfe et al., 1997). DNAPLs might especially 
accumulate at low points of conduits which frequently also trap sediments. Hence, the scenario of 
DNAPLs trapped in the sediment of conduits is the main focus of this study (Fig. 1.1, Case 3 in 
Chapter 1).  
For DNAPL pools entrapped in cave sediments, the dissolution rate will be strongly influenced by 
the rate at which water passes along the DNAPL surface. Hence, to understand DNAPL dissolution 
processes, water exchange processes between the conduit and sediments i.e. hyporheic flow needs to 
be understood. Hyporheic flow refers to the water exchange that occurs between sediments and the 
overlying water column of rivers and streams (Harvey et al., 1996; Orghidan, 1959). Recent studies 
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suggest that hyporheic flow likely occurs in karst sediments as indicated by the sequestration of metals 
(Munteanu et al., 2012) and organic compounds (Iker et al., 2010) in sediments. Moreover, the likely 
occurrence of karst hyporheic exchange has been confirmed using a laboratory analog model (Chapter 
3). The study revealed that the exchange rate increased with conduit flow rate and was higher for a 
steeper conduit angle.  
This study will focus on the dissolution of sediment-entrapped DNAPL pools mediated by 
hyporheic exchange between the conduit and sediment domains. As natural karst systems are complex 
and as there are hardly any sites where DNAPLs have been located and are accessible for study, a 
laboratory analog approach was used. Pool dissolution tests with a surrogate DANPL under varied 
conduit flow conditions were carried out. In addition, numerical modeling was used to explore the 
relationship between mass transfer rates and conduit flow conditions. 
5.2  METHODS 
5.2.1 Experimental setup and material 
The same apparatus as presented in Chapter 3 was used for investigating the dissolution of 
DNAPL pools. The detailed description of the setup and motivation for studying such a conduit 
morphology were presented in Chapter 3. The experimental setup is shown in Fig. 5.1 and Appendix a, 
Fig. A7. Glass tubes with two conduit angle were used, 15° (denoted as 15D) and 45° (denoted as 45D) 
respectively. The sediments consisted of glass beads with a diameter of 0.4 mm. The effluent was 
circulated through the flow cell (path length 50 mm, internal volume 650 µL) of an ultraviolet-visible 
(UV-Vis) spectrum photometer using a small peristaltic pump and teflon tubing (I.D. 0.8*O.D.1.6 
mm). 
 
 
Fig. 5.1  Schematic diagram of experimental apparatus for sediment -source tracer tests and 
dissolution tests  
Although chlorinated solvents are the most common DNAPLs found in karst systems, they were 
not used in this study due to their toxicity and due to their high interfacial tension that leads to the 
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formation of larger blobs that perturb the sediments. In this study, 2-methoxyphenol (Guaiacol, liquid 
99+%, Acros Organics) was used to mimic the DNAPL dissolution. The physical and chemical 
properties of Guaiacol are shown in Table 5.1 (Boards, 1913). The density of liquid Guaiacol is also 
higher than water i.e. it is a DNAPL. The relatively high solubility compared to the common 
chlorinated solvents, for instance TCE (solubility 1100 mg/l), makes it possible to detect it 
continuously using UV-spectroscopy in the conduit where lower concentrations occur due to dilution. 
The compound can be easily solidified at room temperature which makes it possible to create 
relatively well-defined source zones for quantifying the dissolution rate.  
Table 5.1  Physical and Chemical Properties of 2 -methoxyphenol  
Property  Unit 
Colour Colorless to pale yellow  
Density  1.12 g/cm
3
 
Molecular weight 124.14 g/mol 
Vapor pressure  0.11 hPa 
Melting/Freezing point  28-32 °C 
Water solubility 17 g/l   at  15  °C 
15 g/l   at  10  °C  
(not find reference anymore) For visual observation purposes, the liquid was dyed with oil red O (< 5µg/l). In order to maintain 
a well-defined source of solutes and prevent its migration during the experiment, Guaiacol was used as 
a solid in the experiments.  
5.2.2 DNAPL pool dissolution tests 
The effect of conduit flow rate and conduit angle on the dissolution rate was investigated by 
dissolution experiments. The experiments were conducted by first injecting slowly 0.4 ml dyed 
Guaiacol liquid into the bottom of the central part of the tube via port 2 (Fig. 5.1 and Fig. 5.2a). The 
liquid was then solidified by using an ice-water cooling bath for accelerating the freezing and by 
adding small crystals (< 5mg) that acted as nuclei for solidification. The crystals were generated by 
freezing Guaiacol at -20°C for 1 day. The solidified pool appeared as an overall flat continuous 
surface composed of snow-flakes, and needle-like crystals attached to the bottom glass wall (Fig. 5.2b). 
Glass beads were filled afterwards through a funnel above port 2. The glass tube was then filled with 
water at a low flow rate to avoid perturbation of the sediments. The tube with the beads was shaken 
manually to achieve a relatively flat surface (Fig. 5.2c). The water tank was filled with pre-degassed 
water to start the experiment. The flow rate in the conduit was then adjusted to the desired value 
(Appendix a, Table A1). The guaiacol source was kept in a solid state by using tap waters for the 
experiments with a temperature of 10 °C, which is below the melting point of Guaiacol (28 °C). 
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Although Guaiacol was kept as a solid, it is referred to as DNAPL pool given that we intend to 
simulate such a contamination scenario.  
 
 
Fig. 5.2 Illustration of DNAPL pool creation with Guaiacol  for dissolution tests.  
The UV spectrophotometer was calibrated using degassed tap water spiked with Guaiacol. 
Calibration curve is reported in Appendix a, Fig. A8. The pumping rate to the flow cell was set to 12 
ml/min to ensure that water in the sampling tube and flow through cell was renewed (total residence 
time of 5 s). Concentrations were averaged over a time interval of 20 s. In addition to the on-line UV 
measurement, water samples of 10 ml volume were withdrawn manually from the sampling port 3 (Fig. 
5.1) at intervals depending on the duration of each experiment and kept in brown vials (as the 
compound is light-sensitive). They were measured with the UV spectrophotometer after the 
experiments in static conditions for comparison.  
5.2.3 Flow characterization  
In addition to the Guaiacol experiments, tracer test with a solid source resembling a DNAPL pool 
was carried out to visualize the shape of the plume originating from the DNAPL surface and its 
migration through the sediments. This was not possible with Guaiacol as it is colorless. Before filling 
glass beads into the tube, tracer in suspension (Sulforhodamine G) was injected and the water 
evaporated to create a solid coating along the central bottom wall of the glass tube.   
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Modeling approach 
Numerical simulations were employed to further explore the impact of conduit geometry and 
conduit flow conditions on mass transfer rates using the same approach as presented in Chapter 3. 
Briefly, a two-domain approach was adopted with the Navier-Stokes equation describing fast conduit 
flow and Darcy’s law describing low flow in the sediment domain. The two domains were coupled by 
imposing pressure continuity across the two domains. A Dirichlet boundary condition corresponding 
to saturated concentrations was prescribed at the pool surface. The DNAPL-water contact area was 
assumed to remain approximately constant during the experiment consistent with experimental 
observations.  
The values of the main parameters are shown in Table 5.2. The permeability and dispersivities in 
sediments were calibrated by fitting the simulated results to the observed BTCs from sediment-source 
tracer tests carried out as described in Chapter 3. The molecular diffusion coefficient Dm was estimated 
by the method from Othmer and Thakar (1953). The effective diffusion coefficient De corresponded to 
De = τDm  (Fetter, 1993; Zheng and Bennett, 2002), where τ is  tortuosity, taking a value of 0.7 for sand 
(De Marsily, 1986). A constant concentration of 137 mol/m
3
 was specified at the pool surface which 
corresponds to the guaiacol solubility at 15 °C (17g/L). The DNAPL pool had a surface area of 5.5 
cm
2
 and a thickness of 1.1mm based on measurements from the laboratory experiment.   
Table 5.2  List of main parameters 
  
 
Scaling analysis 
As presented in Section 3.2.3 of Chapter 3, scaling effects have to be considered when relating 
findings from the laboratory experiment to the field scale. Scaling relationships show that the flow rate 
Property Symbol Value     Unit    
Unit 
Permeability   k 1.6e-10 m2 
Porosity   ɛ 0.38 [-] 
Dispersivity αL 3e-3  
 αTH 3e-4 m 
 αTV 3e-5  
Molecular diffusion coefficient Dm 6e-10 m
2
/s 
Effective diffusion coefficient De 4.2e-10 m
2
/s 
Conduit Dispersion 
Coefficient 
Dc 
 
1e-4 m
2
/s 
Boundary concentration Cs 137 mol/m
3
 
Pool thickness (max)  1.1 mm 
Pool surface area  5.5 cm
2
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in the porous medium of the scale model is much higher than in reality due to the higher pressure 
gradient imposed in the scale model for achieving the same Reynolds number as in a real system. 
Similar scaling analysis was carried out to relate the dissolution rate observed in the laboratory 
experiment to the field scale (see Appendix c.4 for details). The scaling analysis reveals that the 
lifetime of the DNAPL pool is much shorter in the scale model than in “reality” for a given Re. For a 
geometric scaling factor (model/reality) β (<1), the ratio of the DNAPL lifetime between model and 
reality scales with β3–β4.5 depending on whether diffusion or mechanical dispersion dominates mass 
transfer. However, the flow velocities in karst conduit are usually high with turbulence. Dissolution of 
DNAPLs is likely to be enhanced due to the high conduit Reynolds number in reality.  
5.3 RESULTS AND DISCUSSION 
5.3.1 Steady state concentration & conduit flow 
The time-dependent effluent concentrations are shown in Fig. 5.3. The time was non-
dimensionalized by dividing it by the time required to renew once the conduit volume. The 
concentration increased continuously until reaching a steady state. The steady state concentration was 
reached earlier at higher conduit flow rate and in the 45D compared to the 15D system. Steady state 
concentrations ranging from 200 to 400 µg/l were observed. Concentrations measured continuously by 
UV spectrophotometry were generally in agreement with those obtained by manual sampling and 
static measurements, with an average deviation of about 15%. The concentrations show a strong 
dilution of the solutes released from the DNAPL pool given that Guaiacol has a solubility of 17 g/l at 
15°C. Steady state concentrations Ce varied little as function of the conduit flow rate. The simulated 
effluent concentrations are shown in Fig. 5.3, which were generally in a good agreement with the 
observed values except for conduit Re = 1600. At Re = 1600, the measured concentrations were only 
about half of the simulated concentrations.  
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Fig. 5.3  Measured and simulated time-series of effluent concentrations at varied conduit 
flow rates (expressed by Reynolds number)  
Solute plume originating from DNAPL pool 
The solute plume originating from the DNAPL pool was traced experimentally by the dissolution 
of a solidified pool of tracer (Sulforhodamine G) and simulated with numerical model for comparison. 
The observed and simulated plume at Re = 600 for T = 3600 s is shown in Fig. 5.4a&b. The observed 
plume was generally well reproduced by numerical simulation (Fig. 5.4). Illustrations for other time 
steps can be found in Appendix a, Fig. A9. 
 
Fig.5.4  Observed and simulated solute plume at conduit Re 600 for 45D.  
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The simulated steady state concentration contours as a function of conduit Re are shown in Fig. 5.5. 
Concentrations decreased from the water/DNAPL interface (WDI) to the sediment water interface 
(SWI), where they reached a concentration close to zero. The shape and size of the plume was 
controlled by the flow field in sediment which was characterized by a zone of forward flow and a zone 
of reverse flow (detailed in Section 3.3.4 in Chapter3). The concentration boundary layer in the zone 
of forward flow became thinner with increasing conduit Re independent of conduit angle (Fig. 5.5). 
The effect of boundary layer/concentration gradients on mass transfer will be discussed in the 
following section 5.3.2. 
  
Fig. 5.5  Solute plumes of DNAPL pool depicts the concentration contours at steady state 
under varied conduit Reynolds number (Re) and flow fields (streamlines) for the 45D and 15D 
system. Pool edge denotes to the downstream end of DNAPL pool.  
5.3.2 Mass transfer rate 
For each experiment, the dissolution kinetics was characterized by calculating the mass transfer 
coefficient km. It is not a fundamental physical property, but rather an effective parameter influenced 
by different factors. The following equation was used to quantify mass transfer coefficients from the 
steady state effluent concentrations (Miller et al., 1990): 
  
      
    
              (Eq.5.1) 
 where J (ML
-2
T
-1
) is the mass flux to the aqueous phase, Cout (ML
-3
) is the average effluent 
concentration measured from experiments, Q (L
3
T
-1
) is conduit flow rate, Aint (L
2
) is the DNAPL pool 
and water interfacial area, km (LT
-1
) is the mass transfer coefficient, Cs (ML
-3
) is the aqueous phase 
solute solubility concentration and C∞ is the aqueous phase solute concentration further away from the 
DNAPL pool. C∞  was set to be zero, as flow in the sediment was continuously renewed. Hence km can 
be obtained by: 
   
      
        
                      (Eq.5.2) 
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To calculate the mass transfer coefficient km, the steady state concentration measured by the 
continuous UV spectrometry was used as Cout.  
 
 
Fig. 5.6  Observed and simulated mass transfer coefficients km as a function of conduit 
Reynolds numbers (Re).  
Fig. 5.6 shows the relationship between mass transfer coefficients km and conduit Reynolds 
number. The observed mass transfer coefficient increased with conduit Re and was higher for the 
steeper conduit angle at most flow conditions. The mass transfer coefficient at 45D was about 2% 
higher than at 15D for a conduit Re 200, and 14% higher for Re 1600, indicating that the influence of 
conduit angle on mass transfer increases at high conduit flow rates.  
The mass transfer coefficients were also calculated with the modeled steady state concentrations, 
and were plotted in Fig. 5.6. The predicted values show generally a good agreement with the observed 
values at low to medium conduit flow rate, with deviations of 2 – 25%. However, simulation became 
less efficient in predicting km at high conduit flow, with deviations as high as 50%. This might be 
partly caused by the changing source function due to the substantial mass loss at high flow rates. The 
percentage of mass dissolved until reaching a steady state was about 10 – 13% at low flow, while it 
was 25 – 30% at high flow. 
The mass transfer coefficients km of pool dissolution in the conduit and sediment system strongly 
depends on the flow velocity as shown in Fig. 5.6. In the following, the velocity dependence of the 
mass transfer coefficient was compared to the well-investigated case of a DNAPL pool in a semi-
infinite homogenous porous media as a reference case. Such an approach was used because also 
in the current study, dissolution took place in a porous media, which was however of finite 
height. Using a 2D advection-dispersion equation for a pool of length Lp, an analytical expression 
for km has been derived by Johnson and Pankow (1992): 
         
 
  
 
  
√ 
√      ⁄             (Eq.5.3) 
where     (L
2
/T) is the transverse vertical dispersion coefficient, DTV = De+αTV ,    (L/T) is the 
average flow velocity, Lp (L) is the pool length, and ε is the porosity. The mass transfer coefficients km 
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predicted by the 2D analytical solution (Eq. 5.3) were plotted in Fig. 5.7 as a function of the average 
groundwater flow velocity   in the sediment. The results from the experiments and the numerical 
modeling are shown in the same figure (Fig. 5.7) for comparison. The measured and predicted (both 
numerical model and 2D analytical solution) km increased linearly with the average groundwater flow 
velocity (above 0.1 m/d). A linear relationship between km and   was also found in the DNAPL pool 
dissolution experiments by Schwille (1988). A linear trend is expected according to Eq.5.3 for higher 
velocities when mechanical dispersion dominated over diffusion. In this case, km approaches 
   √      ⁄  (Eq.5.4). Both the observed and simulated km followed the same trend irrespectively 
of the conduit angle, suggesting that it is the average flow velocity in sediment that essentially controls 
the mass transfer rate, which is indirectly influenced by the conduit geometry/angle. In the following, 
concentration profiles of the simulated solute plume are plotted to explore how the flow velocity 
influences the mass transfer of DNAPL pool dissolution. 
 
Fig. 5.7  Comparison of the observed and predicted mass transfer coefficient by numerical 
simulation and 2D analytical solution.  
Concentration profiles at coordinate x = 0 under varied conduit Reynolds number were plotted to 
evaluate how concentration gradients above the WDI evolve with flow rate (Fig. 5.8). The steeper 
concentration gradients/thinner boundary layer thickness at higher Re, as well as the increased amount 
of water passing along the WDI led to the higher km. An increase in km with flow velocity was also 
observed in studies for homogeneous porous media containing DNAPL residue (Schaefer et al., 2009) 
or DNAPL pools (Chrysikopoulos and Lee, 1998).  
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Fig. 5.8  Concentration profile at x= 0 at varied conduit Reynolds number (Re).  
While the simple 2D analytical model predicted the linear relationship between km and  , the km 
were smaller than both the observed and simulated values for the conduit system. This deviation is 
likely due to the conceptual simplification of DNAPL dissolution in the 2D model, e.g., the neglected 
transverse horizontal dispersion for large pool width. In order to investigate why the 2D model tends 
to underestimate the mass transfer rate, concentration profile of DNAPL pool dissolution was 
simulated by the 2D model and compared with the 3D model at an equivalent average groundwater 
flow velocity (1 m/d). Concentrations are generally higher for the 3D model than the 2D model (Fig. 
5.9). This means that a higher mass of compounds has reached the aqueous phase in the 3D compared 
to the 2D case. The higher mass flux can be explained by the curved streamlines in the 3D model that 
advect molecules away from the WDI. In the 2D model, streamlines are parallel to the surface and 
molecules are only transferred away from the WDI by transverse dispersion. Hence the pattern of 
hyporheic flow in karst conduit sediment enhances mass transfer compared to a uniform flow field in 
an infinite porous media. In addition, transverse horizontal/vertical dispersion induced by the reverse 
flow at the downstream bend (Appendix a, Fig. A10) tends to carry solutes away from the WDI, which 
is also likely to yield mass transfer rate higher for the 3D conduit model than for the 2D model.  
 
 
Fig. 5.9  Comparison of concentration profiles simulated by 2D and 3D model for 15D at 
coordinate x = 3 cm (downstream pool edge) under the same average groundwater flow velocity 
in the sediment (1 m/d)  
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5.3.3 Sensitivity analysis of main parameters 
In this study, the conduit flow rate was shown to be one of the key parameters that control the rate 
of DNAPL pool dissolution. Sediment properties (permeability k, dispersivity αTV) and DNAPL 
properties (pool length Lp, solubility Cs) influence the mass transfer rate as well. Sensitivity analyses 
were conducted by numerical simulations to evaluate the dependence of km on these parameters (Fig. 
5.10). The parameters were varied within a typical range. The mass transfer coefficient increased with 
increasing permeability k, transverse dispersitivity αTV and solubility Cs, while it decreased with 
increasing pool length Lp. The sensitivity of km to these parameters was higher at higher Re. km 
increased linearly with sediment permeability k which appears to be the most sensitive variable 
(Fig.5.10a). This trend is expected as km varies linearly with the flow velocity (see above) and the flow 
velocity is proportional to k according to Darcy’s law. The non-linear trends for αTV and Lp are 
consistent with Eq.5.4, which predicts that km varies according to a power law approximately with 
exponents of 0.5 and -0.5 (R
2
 value of 0.97-0.99 for αTV, and 0.92-0.96 for Lp), respectively. However, 
km increased also with Cs, though least strongly, in contrast to what is expected in the 2D model.  
 
Fig. 5.10  Dependence of the mass transfer coefficient km on different variables  
5.4 SUMMARY AND CONCLUSIONS 
 The study investigated the dissolution of DNAPL pools entrapped in karst conduit sediments in a 
laboratory analog model. A well-defined DNAPL pool was created to evaluate the influence of conduit 
flow rate and conduit angle on the mass transfer of pool dissolution. The solute plume originating 
from the DNAPL pool was visualized with a soluble tracer. A two-domain flow model was calibrated 
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and applied to simulate the dissolution process. The effects of flow field on the mass transfer of pool 
dissolution were explored by numerical simulation. The mass transfer of pool dissolution in the 
sediment of karst conduit was also compared to that occurring in the semi-infinite porous media as a 
reference case. In addition, sensitivity analyses were carried out by numerical simulations to evaluate 
the dependence of mass transfer rate on different variables. 
Results of the dissolution experiments showed that the effluent concentrations were highly diluted 
compared to the DNAPL solubility at the source zone. The mass transfer coefficient km increased with 
the conduit flow rate and was higher for the steeper conduit angle. Thinner boundary layer 
thickness/steeper concentration gradients as well as the increased amount of water flow passing WDI 
led to the higher mass transfer with the increasing conduit flow rate. The relationship between km and 
the average groundwater flow velocity   in the sediment was linear for a velocity range where 
mechanical dispersion dominates over diffusion in both the experiments and in the numerical model. 
However, the observed and model km for the sediments in the conduit was higher than the one 
calculated by the 2D analytical solution for the semi-infinite porous media. The higher dissolution rate 
was likely attributed to hyporheic flow pattern characterized by vertical upward flow indicated by 
simulations of flow fields and concentration profiles. Conduit angle had an effect on the mass transfer 
rate by influencing the average flow velocity in sediment essentially. Sediment permeability was 
found to have the strongest influence on km by sensitivity analyses. 
 The study has some implications on the DNAPL behaviors in karst aquifer. Sediment-entrapped 
DNAPLs will provide a persistent contamination source to karst springs by hyporheic exchange 
between conduit flow and the underlying sediment. For a same conduit flow rate, the lifetime of 
DNAPLs is much longer in the field scale than in the laboratory analog as the mass transfer rate is 
much smaller in reality than in the model by scaling analysis. However, compared to the DNAPL pool 
dissolution in a semi-infinite porous medium, DNAPL longevity is anticipated to be shorter in karst 
conduit sediment due to the influence of karst hyporheic flow. While the model DNAPL in the study 
was kept immobile during dissolution, the migration of DNAPL associated with the flow and sediment 
plays also roles in the longevity of DNAPLs in karst aquifer. In addition, the effect of sediment 
properties deserves further investigations due to its important role in hyporheic exchange. Other karst 
hyporheic flow-mediated biogeochemical processes, such as the transport of colloids, heavy metals, 
and microbial degradation of contaminants could be future study interests.  
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Chapter 6 Summary, Conclusions and 
Outlook 
Summary 
DNAPLs are preferentially entrapped in karst conduit and sediment system, due to the good 
surface-and-subsurface connectivity in karst aquifer and the special physico-chemical properties of 
DNAPLs. The main purpose of the study was to evaluate the lifetime of sediment-entrapped DNAPL 
pool in karst conduit aquifer that will contaminate a spring and the controlling factors of dissolution 
rate. Pools are a likely morphology for DNAPLs that accumulate at the impermeable 
sediment/bedrock interface. The flow rate and pattern though the sediments will directly influence the 
dissolution process. Hence, the exchange of flow between conduit and the underlying sediment was 
first investigated, which was termed as karst hyporheic flow in the thesis in analogy to hyporheic 
exchange in surface hydrology studies. As suggested by recent field studies, hyporheic flow in karst 
sediments could potentially play a significant role in the transport and fate of contaminants in karst 
aquifer. However, karst hyporheic flow processes and their effects on DNAPL dissolution have not 
been investigated so far, which motivated this thesis.  
The thesis consisted of two core parts: 1) The first part was devoted to the conduit-sediment 
exchange processes and the effects of different controlling factors on the pattern and magnitude of 
hyporheic flow; 2) The second part investigated the dissolution of sediment-entrapped DNAPL pool 
facilitated by hyporheic exchange. Laboratory studies of hyporheic exchange and the hyporheic 
exchange-mediated DNAPL pool dissolution were performed with an analog model resembling a karst 
siphon conduit partly filled with sediments. The analog consisted of glass tubes (conduit angle of 15D 
and 45D respectively) representing conduits and glass beads representing the sediment matrix. Soluble 
tracer Uranine was used as solute to trace flow and transport process in sediment. A surrogate DNAPL 
with a well-defined pool morphology was used for a quantitative analysis of the mass transfer rate of 
DNAPL compounds to the aqueous phase.  
To characterize hyporheic flow pattern, sediment-source tracer tests were carried out under varied 
flow rates via direct injection of tracer solution into sediment consisting of coarse beads. Influences of 
conduit Re and conduit angle on the mean travel time (MTT) and dispersion (variance σ2) of tracer 
plume were evaluated by evaluating the BTCs from tracer tests. Numerical modeling was employed to 
reproduce the sediment-source tracer test and to analyze the flow fields in the sediment. The 
simulation applied a two-domain approach for the conduit-sediment, with the Navier-Stokes equation 
describing conduit flow, and Darcy’s law flow motion in the sediments. Flow fields were coupled by 
assuming pressure continuity across the two domains. The solute transport process was modeled by 
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the advection-dispersion equation. The relationship between the overall exchange flux and different 
controlling factors were explored using numerical simulations. 
The results of sediment-source tracer tests showed that independent of the conduit angle, MTT and 
σ2 decreased with increasing conduit Re and were smaller for a steeper conduit angle. The measured 
tracer breakthrough curves (BTCs) were well reproduced by numerical modeling, which validated the 
mathematical representation of the flow and transport processes in the system. The effect of conduit 
angle on MTT and σ2 tended to disappear at high conduit Re (2000), consistent with numerical 
simulations that indicate similar flow velocities for the two conduit angles at high Re. The hyporheic 
flow pattern was characterized by a zone of forward flow and a zone of reverse flow in the sediment 
both by observation and simulation. The reverse flow was caused by the reverse pressure gradient 
along the sediment and water interface (SWI) at the downstream bend. The zone of reverse flow 
became more extensive with increasing conduit Re. The reverse pressure gradient originated from the 
higher pressure at the outer wall of the downstream bend, which was induced by the centrifugal force 
of flowing water when passing through the bend. Streamlines in sediment at low Re were relatively 
horizontal, whereas, they became curved at higher conduit flow influenced by the hyporheic flow 
pattern. The simulated flow field was non-uniform in the sediment with higher velocity magnitudes 
near the bends where a stronger flushing intensity occurred. The calculated overall exchange flux qint 
between the two domains by numerical simulation increased linearly with the conduit flow rate, and 
was higher for the steeper conduit angle. For the steeper conduit, as much as 2% (for coarse beads) of 
the conduits flux transited through the sediment of coarse grains. 
The effect of sediment properties on the hyporheic exchange was further investigated through 
sediment-source tracer tests using sediments of different grain size and numerical simulations. 
Permeability of sediment chosen for experiments ranged from 1e–10 to 1e–9 m2, representing well 
sorted sand to gravel. Sediment-source tracer tests showed that the MTT and σ2 of the tracer plume 
decreased with the increase of sediment grain size/permeability and conduit flow rate, and were 
smaller for the steeper conduit angle. Numerical tracer tests showed that the flow patterns (but not its 
magnitude) in the sediments were similar for all sediments. This is expected as the pressure 
distribution imposed at the SWI is independent of the sediment properties. Analysis of relationships 
established among the simulated exchange flux qint and different controlling factors suggested a 
stronger influence of sediment properties (permeability k) on the magnitude of hyporheic exchange 
than conduit flow condition (Re), and conduit angle.   
Once the hyporheic exchange processes were well understood, a surrogate DNAPL pool was 
created to investigate the relationship of the hyporheic exchange-mediated mass transfer with conduit 
flow and conduit angle. Tracer test with a solid source (soluble tracer Sulforhodamine G) was carried 
out to trace the solute plume from the water/DNAPL interface (WDI). The observed plume was 
compared to results of the numerical simulation of pool dissolution and used for exploring the 
influence of the flow fields on the mass transfer rate. Results of the mass transfer were also compared 
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with the well-investigated case of pool dissolution in a semi-infinite porous media as a reference to 
highlight specific features of pool dissolution in the karst conduit-sediment system. Expected 
dissolution rates for the reference scenario were characterized using a 2D analytical solution.  
The observed mass transfer coefficient km for quantifying the mass transfer rate increased with 
conduit flow rate and was higher at a steeper conduit angle. The km increased linearly with the average 
groundwater flow velocity   in sediments for both experiments and simulations. However, the 
observed and model km were higher than that calculated by the 2D analytical model. The higher km was 
caused by the hyporheic flow pattern which enhanced solute transport away from the source by the 
curved streamlines. In addition, the transverse horizontal dispersion likely also contributed to the 
higher km in 3D than the 2D model due to small pool width. The conduit angle essentially influenced 
the mass transfer rate via flow velocity in the sediment. Sensitivity analyses of the mass transfer 
coefficient km showed that sediment permeability k was the most sensitive variable due to its influence 
on flow velocity in sediment.  
In conclusion, the study confirmed that hyporheic exchange could occur between karst conduits 
and sediment using a laboratory analog. The conduit angle-influenced pressure distribution along the 
SWI, acted as the driving force for transferring fluid into the sediment, in contrast to streambed 
sediments where bedforms usually play a key role. The pattern and magnitude of the hyporheic flow 
was influenced by the combined effects of conduit flow rate, sediment properties and conduit angle. 
Therein, flow patterns were determined by the pressure gradients at the SWI which evolve with both 
the conduit flow rate and conduit angle independent of sediment properties. The magnitude of flow in 
sediment was only influenced by sediment properties (grain size/permeability) for the same conduit 
geometry and conduit flow rate. The dissolution rate of sediment-entrapped DNAPL pools was highly 
influenced by the hyporheic flow between conduit and the sediment. The mass transfer of DNAPL 
pool dissolution was found to increase linearly with the average groundwater flow velocity in 
sediment. Compared to the dissolution of a DNAPL pool in a semi-infinite porous medium, a higher 
mass transfer and shorter lifetime is to be anticipated in karst conduits with shallow sediment due to 
the influence of hyporheic flow pattern. The study also demonstrated that numerical modeling with the 
two-domain approach was valid and efficient in simulating hyporheic flow and predicting DNAPL 
pool dissolution. Last but not least, scaling analyses suggested that a much smaller exchange flux and 
much lower mass transfer rate occur in reality than in the investigated analog model. Hence a much 
longer lifetime of DNAPLs in reality than in the laboratory model is to be expected. However, flow 
conditions in reality need to be taken into account for the evaluation of the dissolute rate and lifetime 
of DNAPLs.    
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Problems and future study 
The term ‘karst hyporheic flow’ was proposed quite recently. There is a lack of knowledge about 
the occurrence and fate of DNAPLs in karst aquifer compared to porous media. The thesis provided a 
first investigation of the karst hyporheic flow-facilitated DNAPL pool dissolution with a 
conceptualized laboratory analog model. However, the occurrence of hyporheic flow and relevant 
processes still need to be verified by field investigation, e.g. in phreatic karst conduits. The analog 
model was conceptualized to ressemble karst conduits developed in the limestone of very low primary 
porosity. Hence, the feature of karst aquifer needs to be considered when applying this theoretical 
study of karst hyporheic flow to field cases. 
While the study mainly focused on the low laminar flow regime in conduits and sediments were 
kept stable, the influences of turbulent flow on the hyporheic exchange as well as contaminant 
behavior associated with sediment motion need further investigations. For future laboratory studies 
large devices should be used to reduce scale effects and to be able to carry out experiments that 
correspond to higher flow rates in the field. Guaiacol was demonstrated to be a promising surrogate 
for simulating DNAPL dissolution processes due to its low melting point and high solubility. However, 
the dissolution of real DNAPLs of different solubilities (much lower than Guaiacol) and a mixture of 
DNAPLs need further investigations as they are commonly the situations encountered in field.  
The karst hyporheic flow-mediated geochemical processes could be of future interest, which will 
bring new insights into the occurrence and attenuation of contaminants in karst aquifer. Although karst 
aquifers are conventionally considered to be fragile due to the fast transport of contaminants by 
conduit flow, hyporheic flow through the underlying sediment may lead to some self-purification. 
Nitrification and denitrification processes occurring in karst conduits could be influenced by flow 
exchange with sediments, leading to a source or sink of nitrate. Organic compounds could be degraded 
by microbial processes in cave sediment, which also in turn influence the microbial community 
diversity. Therefore, the hyporheic flow and relevant processes need to be taken into account when 
evaluating vulnerability of karst aquifers.  
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a. Additional figures 
 
 
Fig. A1  Experimental setup for tracer tests  
 
 
Fig. A2 Flow regimes at downstream bend in Reynolds experiments . a)Laminar;  
b)Transitional flow; c)Turbulent; d) Observed secondary flow at bend  
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Fig. A3  Sensitivity test of simulated BTC to k (Permeability) and Dc (Dispersion 
coefficient in conduit)  
 
 
 
Fig. A4 Sensitivity test of simulated BTC to dimensional dispersivity in sediment   
 
 
Fig. A5 Illustration of pressure distribution, velocity profile , and secondary flow at conduit 
Re = 1000 in 45D
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Fig. A6  Secondary flow motion (streamline line) and pressure field at the cross -section of conduit  
under varied conduit flow rates from up to downstream  
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Fig. A7  Experimental setup for DNAPL pool dissolution tests  
 
Fig. A8  Standard curve of concentration measured by UV spectrum  
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Fig. A9  The observed time-dependent dissolving plumes in tracer test with tracer 
Sulforhodamine G at a conduit Reynolds number of 600 for 45D.  
 
 
Fig. A10  45D Re = 600 Transverse Dispersion Illustration  
  
                                                                                                                                              Appendices 
 
    87 
 
 
 
 
Table A1  Tracer experiments information  
 Mean 
flow    
velocity 
(cm/s) 
 
 
 
 
 
(cm/s) 
Re Mass 
recovered* (µg) 
Resdience 
time[-] 
Residence 
time [hour] 
 
 1.0 194 216 488 6.67 
 2.0 397 213 324 2.17 
 3.0 601 216 186 0.83 
45D 5.0 993 201 180 0.48 
 7.9 1589 196 141 0.24 
 10.0 1995 205 145 0.19 
      
 1.0 202 218 947 12.6 
 1.9 390 213 673 4.58 
 3.0 602 213 510 2.25 
15D 5.0 997 197 400 1.07 
 8.0 1592 201 251 0.42 
 10.0 1994 191 242 0.31 
*Injected mass in all experiments is 220 µg 
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b. In-conduit impulse tracer tests 
Impulse tracer tests were performed for the estimation of dispersion coefficient Dc in conduit 
assuming the dispersion is isotropic. The tracer solution of Uranine (40 mg/l, 0.5ml) was injected via 
the upstream port 1 and the central port 2, and the downstream BTC was monitored by the fluorometer 
at the outlet. The value of dispersion coefficient was evaluated by fitting the observed BTCs in the 
code CXTFIT as plotted in Fig. A13 below, for conduit Re = 200 to Re = 2000. Generally, before the 
onset of turbulence, the dispersion increases with flow velocity, which is in agreement with that 
observed for straight tube (Taylor, 1953). Compared to the values calculated by the analytical equation 
(Lee, 2004) for straight tube of the equal length, Dc are smaller, indicating the smaller dispersion 
contributed by curved bends. The dispersion shows the trend to decrease with the increasing flow rate 
at transitional flow regime (Re = 500 － Re = 1500). The theoretical equilibrium Taylor’s dispersion 
coefficient under laminar regime ranges from 0.5 to 50 m
2
/s, which is not achievable due to the small 
scale of the laboratory analog.  
 
Fig. A13  Dispersion coefficient from in -conduit impulse tracer tests; P1 is injection port 
upstream, P2 is injection port at the central bottom, the same as for sediment -source tracer 
tests. The analytical equation is referenced to (Taylor, 1953).  
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 c. Scaling analysis 
In terms of the transferability of the laboratory model to the real system, scale analysis was 
performed. The similarity between two objects includes two criteria: geometric and dynamic similarity 
(McDonough, 2009).  
In particular, if flow fields associated with two geometrically similar objects have the same 
Reynolds (pipe flow) and Froude numbers (open channel flow), then they have the same scaled 
velocity and pressure fields. In turn, it is easily seen from the equations of motion that this implies that 
they will exhibit the same scaled forces at all locations in the flow. Then, in light of geometric 
similarity, the unscaled forces will be in a constant ratio at all corresponding points of the two flow 
fields, and dynamic similarity will have been achieved. Hence, for flows in, or around, geometrically 
similar objects, dynamic similarity is achieved if all dimensionless parameters associated with these 
flows are the same. 
In the following, it explored how different properties scale between the model (glass tube) and 
“reality”. It is assumed that the model fulfills the criteria of geometric similarity and the analysis 
focusses on the dynamic similarity. A key objective is to evaluate how the free flow and porous media 
flow scale, and how the ratio between porous media flow and free flow scales. In other words, the goal 
is to find out how the ratio between porous media and free flow would be in the full scale situation 
(denoted as “reality”). The derivations are based on the principle that in a closed pipe, Reynolds 
scaling applies (Chanson, 1999).  
As a first step, dimensionless parameters are introduced and dimensionless governing equations.  
The independent and dependent variables are scales as follows: 
       ,          ,             
 
and 
 
        , 
        , 
        
 
with x, y is the spatial coordinates, u and v is velocity components, t is the time, H is diameter of 
conduit,         ,    is the average flow velocity in conduit,        
 
 
 (twice the dynamic fluid pressure), “*” quantities are all dimensionless. In the following, the subscript 
m denotes to model, r denotes to reality, c denotes to conduit and p denotes to porous medium. 
The dimensionless incompressible continuity and N-S equations are given by: (McDonough, 2009). 
   
   
             
 
  
             (Eq. A1) 
where U
*
 is the flow velocity vector, U
*
, P
*
, t
*
, Re are all dimensionless,  
Whereby the Reynolds number is given by: 
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                            (Eq. A2) 
 ν is the kinematic viscosity 
c.1) Relationship between pressure field in model and reality 
For a given Re, the scaled pressure field will be the same in the model and reality. The ratio of the 
unscaled pressure between reality and model at a location is given by: 
  
  
 
  
      
  
     
 
  
        
 
  
       
  
If the Reynolds number is the same in the model and reality: 
                  
  
   
 
    
 
   
                                         (Eq. A3) 
Given that the Reynolds number is the same: 
    
   
  
  
  
     , and  [
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Where β is the geometric scaling factor 
Hence: 
         
  
  
 
    
 
   
   
                                           (Eq. A4) 
For a given Reynolds number, the unscaled pressure is proportional to the square of the conduit 
diameter or proportional to the square of the geometric scaling factor.  
c.2) Dynamic similarity in laminar pipe flow 
The concept of dynamic similarity can also be illustrated for laminar flow in tubes which can be 
descripted by an analytical equation (Hagen-Poiseuille equation). According to this equation, the 
maximum flow velocity in the center of the tube is given by: 
      2
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                                    (Eq. A5) 
Assuming two geometrically similar tubes are compared with a diameter H and a length Δx 
Hence:  
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If models and reality are compared: 
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Inserting of Eq. A6 and rearrangement leads to:  
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Or 
    2
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p                                                 (Eq. A9) 
For a given Reynolds number the pressure drop across the tube is proportional to the square of the 
geometric scaling factor consistent with the general pressure scaling relationship given by Eq. A4. 
Or for the pressure gradient: 
   3
/
/



mm
rr
xp
xp                                              (Eq. A10) 
This equation shows that in the model a much higher pressure gradient needs to be applied than in 
the reality to reach a flow velocity that corresponds to the same Reynolds number. The higher pressure 
gradient likely also leads to a higher flow in the porous media (see below).  
The volumetric flow rate is given by: 
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For a given Reynolds number the ratio of flow between the model and reality is: 
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Hence for a given Reynolds number, the ratio of the flow rate between reality and model is 
inversely proportional to the geometric scaling factor.  
c.3) Scaling of coupled porous media flow 
So far only flow in a conduit was considered. In the following, it will be explored how flow in a 
coupled porous media scales. For simplicity, it is assumed that the porous media is placed around a 
straight tube and fulfills the criteria of geometric similarity. Furthermore, it is assumed that pressure 
continuity between conduit flow and porous media flow is established.  
Assuming the cross-section of the porous medium layer is annular with a thickness of b, while the 
conduit has a diameter of H.  
According to principle of geometric similarity, this ratio is the same for model and reality.  
Given that b<<H, the ratio of the cross-section between the porous media and the conduit for the 
model is given by 
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Hence in case of geometric similarity, the ratio of cross-section area between the porous media and 
conduit flow remain the same in model and reality.  
The porous media cross-section scales as follows: 
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The Darcy flux in the porous media given by (assuming that the pressure gradient dominates and 
given that the porous media is placed horizontally): 
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If the hydraulic conductivity is the same in the model and reality, the ratio of the Darcy flux 
between reality and model is given by:  
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Hence, the Darcy flux scales with the power of three of the geometric scaling factor. 
The flow rate in the porous media scales as follows: 
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Finally, the ratio of the flux between porous media and free flow scales as follows: 
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In other words, in “reality” the porous media flow rate relative to the free flow rate is by a factor of 
β2 smaller than in the model. In other words, if the geometric factor is 0.04 (2cm glass tube versus 
0.5m conduit), 625 less flow passed through the porous media in reality compared to the model. Or to 
maintain a similar proportion of flow in reality compared to the model, the hydraulic conductivity of 
the real system should be 625 times higher than the model (which is not really possible given that the 
hydraulic conductivity is already very high in the model).  
The relationship between hydraulic conductivity and permeability is given by: 
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The permeability in the experiment corresponds to the following hydraulic conductivity:  
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c.4) Scaling of mass transfer rate and lifetime of DNAPL pool dissolution 
Based on the scale analysis on the flow in sediment, extensive analyses on the scaling of mass 
transfer rate between the reality and model were performed. For a DNAPL pool of regular geometry, 
e.g., rectangular pool, the solute mass flux to aqueous phase J (ML
-2
T
-1
) could be calculated by an 
analytical formula: 
           
  
    
√ 
√      ⁄                          (Eq. A19) 
Where CS is the solubility of DNAPL, ɛ is the porosity of the medium,     is the transverse 
vertical dispersion coefficient,              , where De is the effective molecular diffusion 
coefficient,  ̅  is the average groundwater flow velocity in porous medium,     is the transverse 
vertical dispersivity, Lp is the pool length  
     
    
  
           
           
                      (Eq. A20) 
Case 1 At low groundwater velocities (0.1 m/d), DTV is not scale dependent  (Sudicky, 1986), 
assuming DTV is the same in porous medium for the model and reality.  
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      (Eq. A21) 
               Substitute Eq. A16 into Eq. A21, the mass flux scales by: 
  
  
                                                (Eq. A22) 
Case 2 At high groundwater velocities, influence of mechanical dispersion is significant, substitute 
Eq. A16 and Eq. A20 into Eq. A19, the mass flux scales by: 
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The relationship between mass transfer coefficient and mass flux is given by 
   
 
     
                                      (Eq. A24) 
where km is the overall mass transfer coefficient, Cs is the aqueous phase solute solubility 
concentration (ML
-3
), C∞ is aqueous phase solute concentration (ML
-3
) which is assumed to be zero at 
the infinite boundary. 
          Hence,  
 
    
   
     , low flow velocity < 0.1 m/d 
                                             
    
   
        , high flow velocity > 1 m/d 
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Lifetime scaling of DNAPL pool 
Supposing the dimensions of pool are Lp (Pool length), Wp (Pool Width), Tp (Pool thickness), the 
total mass of DNAPL pool will be Sp=ρDNAPL·Lp·Wp·Tp, ρDNAPL is the density of DNAPL 
   
    
 
   
   
 
    
    
 
      
      
 
   
    
 
   
    
 
   
    
  
  
    
   
    
   
                      
where np is the rate of mass transfer (M/T) 
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